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ABSTRACT

Recently there has been an increasing demand to perform real-time in-situ chemical detection of hazardous materials,
contraband chemicals, and explosive chemicais. Current] y, real-time chemical detection requires rather large analytical
instrumentation that are expensive and complicated to use. The advent of inexpensive mass produced MEMS (rnicro-electro-
mechanicai systems) devices opened-up new possibilities for chemical detection. For example, microcantilevers were found
to respond to chemical stimuli by undergoing changes in their bending and resonance frequency even when a small number of
molecules adsorb on their surface. In our present studies, we extended this concept by studying changes in both the adsmpticm-
induced stress and photo-induced stress as target chemicals adsorb on the surface of microcantilevers. For example,
microcantilevers that have adsorbed molecules wili undergo photo-induced bending that depends on the number of absorbed
molecules on the surface. However, microcantdevrws that have undergone photo-induced bending will adsorb molecules on
their surfaces in a distinctly different way. Depending on the photon wavelength and microcantiiever material, the
microcantiiever can be made to bend by expanding or contracting the irradiated surface. This is important in cases where the
photo-induced stresses can be used to counter any adsorption-induced stresses and increase the dynamic range. Coating the
surface of the micmstmcture with a different materiai can provide chemical specificityy for the target chmnicais. However, by
selecting appropriate photon wavelengths we can change the chemicai selectivity due to the introduction of new surface states
in the ME?vIS device. We will present and discuss ow results on the use of adsorption-induced and photo-induced bending of
microcantilevers for chemicai detection.
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1. INTRC)DUCTKIN

Present day chemical detection technologies have been based primarily on adaptation of laboratory instruments. For
example, a large number of spectroscopic methods have been introduced over the past twent y years that are based upon optical
absorption, laser scattering, luminescence, atomic fluorescence spectroscopy or rellactive index changes. However, these
methods rely on pefiorming laboratory chemicai analyses on extracted sarnpies and provide no reai-time data for operational
feedback, are generaily expensive and complicated to use.

Recently there has been an increasing demand to perform reai-time in-situ chemical detection of hazardous materials,
contraband chemicals, and explosive chemicals, with a simpie, effective astd easy to use chemical sensor. Gravimetric based
chemical sensors achieve specifici~ with the use of chemically selective coatings. Seiective coatings have been used in many
different types of gravimernc sensors to sorb various gaseous anaiytes. Microcantilever-tmsed chemical sensors were found t
o respond to chemical stimuli by undergoing changes in their bending and resonance frequency even when a small number of
molecules adsorb on their surface. When moiecules adsorb on a microcantilever surface, they introduce a differential surface
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stress. The response of a microcantilever to chernicai stimuii is depicted schematically in Figure 1. Surface stresses S1and S2
are baianced at equilibrium, generating a radial fm”ceF, along the media! plane of the mi crocantiiever, These stresses become
unequal upon exposure to chernicais, producing a bending force, F., thatdisplaces the tip of the rnicrocantilever. This method
of chemical detection requires accurate measurements in positiorud changes of the microcantilever, Previous work has shown
that microcantilever bending can be determined with high sensitivity by a number of methods, including optical, capacitive,
piezoresistive, and electrcm tunneiing [1]. The metal-coated micmcantilevers that are commoniy employed in atomic force
microscopy (AFM) allow sub-Angstrom (< 10“’0meter) sensitivity to be routinely obtained. For example, Hansma [2] and
Bimig [3] have demonstrated AFM sertsitivities of 10-” N, corresponding to bending magnitudes of approximately fix]O-t‘m.
More recentiy, even smaller microcandlever deflections were measured with a resolution of 0.4xl 0-’2 m [4]. Standard AFM
micro cantilevers are typically 100-200 ~m long, 0.3-3 pm thick and 10-30 Vm wide, and can be fabricated from various
dielectric or semiconducting materials. Microcantilevem made out of GaAs were also fabricated with a thickness ofmerdy 100
nm [5],

In this worlG we extended the initial microcantilever based
chemical detection by studying changes in both the adsorption-
induced stress and photo-induced stress as target chemicals
adsorb on the surface of microcarttilevers. We used a novel
method to detect and monitor stress changes in bimaterial
rnicrocantilevers due to the adsorption of moleeules. -
Microcantilevera that have adsorbed molecules will undergo
photo-induced bending that depends on the number of
absorbed molecules on the surface, However,
microcantilevers that have undergone photo-induced bending
will adsorb ditTerently mo~ecules on their surfices mainly due
to the preexisting surface stress generated by the photons.
Depending on the photon wavelength and microcantilever
material, the microcantilever can be made to bend by
expanding or contracting the irradiated surface. This is
important in cases where the photo-induced stresses can be

used to counter any adsorption-induced stresses and increase
the dynamic mnge. Although coating the surface of the
microstmctue. with diffe-wnt materials can provide chemical
specificity, by choosing appropriate photon wavelengths we
can alter the chemical selectivity due to differentiated photo-—
induced response,
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Figure 1, Schematic diagram depicting the bending responw of a
microcantilever to chemical adsorption. Surface stressess, and S*
are balanced at equilibrium but become unequal and cause bending
upon adsorption ofanalyte molecules. A force along the z-direetion
is induced due to the differential surface stress, which causes the
microcantileier to change its radius ofcurvatum

[n the present studies, we exposed gold-coated microcantilevers to thiol compounds that led to the fotmation of self-
assembled monolyers. This mechanism itself can serve as a very sensitive chemical detection means. However, exposure of
microcantilevers with self-assembled rnonoiytns to copper atoms results in the formation of a sensitive chemical layer that can
transiently adsorb organophosphorous compounds such as chemical warfare agents.

2. M43LECLILAR ADSORPTION ON MICROSulWACES

2.1. A New Method for Chemical Detection

We have developed a new method for chemical detection based on the photo-induced stress in semiconductor
microstructure exposed to chemicals. It is based on the fact that the photo-induced stress in a microstructure depends on the
amount of chemical analyte adsorbed on a surl%ce. This method can be used to measure the bending of rnicrocantilevms in am
AC mode by modulating the excitation photon beam. it has been shown that microcantilevers will undergo bending foiIowing
the absorption of photons ]6,7], The photo-induced bending is caused by the differential stiace stress deveioped between the

top (side exposed to photons) and the bottom (unexposed side) of the rnicrocarttilever. For the same number of photons absorbed
the photo-induced bending will differ for microcantilevers that have adsorbed different amount of chemicals on their surfaces.
This is a consequence of the fact that adsorbed molecules introduce surface stresses themselves. Therefore, microcantilevers

that have adsorbed molecules on their surfaces will undergo photo-induced bending that depends on the amount of analyle



I Z(l-u)cfsg *ti+@-rJ) aAT..— —
R Et df [

present cm their surface. C)ne very attractive feature of the photo-induced bending method is the fact that depending on the
photon wavelength used, the direction of the bending can be controlled. For exatnpla, when Si tnicmcrmtilevers are irradiated
with photons below the bandgap (for example 1=1300 rim), Si heats up resulting in an expansion of the rnicrocantik?ver and
it bends in one direction. However, when photons with energies above the bandgap are used (for example L= 790 rim), Si
contracts and the coated microcantilever bends in the opposite direction, This is very important especially in cases where the
dynamic range needs to be increased.

When the photo-induced bending is used as the detection method, the chemically selective coating does not have to be
restricted to only one surface, as is traditionally the case with gravimetric chemical sensors such as microcantilever [8-1 1],
Coating both sides with a chemically sensitive layer wiil essentially increase (double) the effective area available for adsorption
of analytes. Since these microstructure are also very sensitive temperature sensors, care should be taken to account for bending
due to heat dissipation, One approach would be to employ reference cantilevers that are not exposed to analytes and perform
differential measurements,

2.2. Microcantilever Bending due to
Electronically-Induced Stress

Microcantilevers (see Figure 2} can undergo
bending due to the differential surface stress
(AS=.rl-J,) created by transient expansions; the top
(photon exposed) side expands sooner than the
bottom (unexposed) side thus creating a differential
surface stress. Earlier work has shown that the
absorption of photons by a solid results in
temperature changes and thermal expansion which in
turn gives rise to acoustic waves at frequencies
corresponding to the amplitude modulation of the
incident photon beam [12]. lt has been shown that in
a semiconductor the generation of “free” charge
earners (electrons and holes) via photon irradiation
results in the development of a local mechanical
strain [12]. This additional strain adds to other
strains resulting from
semiconductor. In a

temperature changes of the
semiconductor structure of
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Figure 2. Schematic diagram showing the bending process of a semiconductor
rnictocantilever exposed to photons. Surface stressess I and S2are balanced at
equiIibrium.Also depicted is the accompanied expansion of the semiconductor
lattice foilowits~the generation of electron pairs.

{1)

thickness r and energy bandgap e,, the change in total surface stress, As, due to photogenerated excess charge camiers, An, and
changes in temperat&e, AT, w-dlbe the sum of the additional photo-induced stress, ASP(,and thermal StiSS, ~,h, viz. [12]

where, deJdP is the pressure dependence of the energy bandgap, a is the coefilcient of thermal expansion, and E is the Young’s
modulus, A hole (in the valence band) decreases the energy of covalent bonds while an electron adds to the bonding (or

antibonding) energy. Therefore there is a competing eflect between the thermal and the photo-induced stress. When dEJdP is
negative the photo-induced stress is of opposite sign than that of the thermal stress and will tend to make the semiconductor
crystal contract. For a rectangular bar (Figure 2) of length 1, width w, and thickness r, the reciprocal of-the radius of curvature,
1?, is given by Stortey’s relationship [12-15]



where, u is the Poisson’s ratio. The reciprocal of the radius of curvature is approximately equal to d%dy2. Then the maximum
displacement z-of the microcantilever is given by
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(3)

The first term inside of Eqn (3) is due to photo-induced surface stress and the second term is due to thermal stress caused by
temperature changes. Neglecting any temperature effects that are only important in relative Iong time scales (comparable to the
thermal time constant > ins), Zm. can be written as

(4)

Assuming that an incident radiant power, @,, on a semiconductor microcantilever gerwates a number density of excess charge

carriers, An, we get

where q is the quantum eftkiency, h (=6.625x 1WMJs) is Planck’s constant, c (=3x 10s ms- 1, is the speed of ligh~ and ~Lis the
lifetime of the carriers in the semiconductor, Then the maximum displacement Z- can be rewritten as

We can define the deflection responsivity% = z I *,, viz.,

(6)

(7)

Since the charge earners can be generated in a very short time the photo-induced stress can manifest itsetf much faster than
thermal stress. C)f course, the overall change in z~, will depend on the physical and mechanical properties of the
semiconductor, in fact, for the same input power a Si microcantilever exhibits a photo-induced bending that is about 4 times
larger than thal clue to therrnaHy-induced stress. W1-Icnappiied to the problem of chemical sensing, this approach provides a
fast an efficient method to detect the presence of target moiecules as they adsorb on a microcantilever surface.



2.3. Chemical Sensing Based on Microcantilever Resonance Frequency Shifts

Cumently available gravimetric chemical wnsors [i 6, 17], such as quartz crystal microbalances, surface acoustic wave
(SAW), acoustic plate mode (APM) devices, chemiresitors, and flexural plate wave oscillators (FPW), achieve sensing by
monitoring the sorption pmceses on the sensing element that results in some ftequency shift. When the intemction of an analyte
with the microcantilever results in the adsorption of that species on the micmcamilever surface, it causes changes in the
deflection (or radius of curvature) and the resonant frequency,~O, of the rnicrocantilever. For a rectangular micrmantilever bar
with a spring constant, k, the resonance fiequency,~o, is inversely proportional to the square root of the effective mass, m,fl, of
the microcantilever ~. = (1/2n) (MnFfl}l’2].The effective mass can be related to the mass of the microcantiiever beam, mb,
through the relation: m,fl= no nzh,where nOis a geometrical factor [1,1 8]. For example, in the case of commercially availabie
silicon nitride (SiNX) microcantilevers with spring constants of 0.06 and 0.03 N/m, the values of no are 0.14 and 0,18
respectively [18]. In order to determine the change in resonance frequency, Aflm,r,k), both the change in spring constant, Ak,
and mass, Am,fi must be obtained; a change of Ak / k =10“6was reported for gelatin coated rnicrocantilevers [8]. For a
rectangular microcantilever of length f, thickness f and width w the spring constant can be written as [ 1]

Ewt 3
k=-

4/3

where E is the Young’s modulus. When there is a uniform mass load (either i?om vapors or solution) distributed over the
surface, the. resonance fkequency decreases with increasing mass and can be described by [ 11
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(9)

where p [=m/(1 w t)] is the mass density of the microcantiiever and the deposited mass and n, is a geometrical factor
approximate y equal to unity for this case [1]. For a typical SiNI microeantitever (with.&= 3.85x 10’z dyrr/cm2, 1= 200 ~m, w
=20pm, t= O.6pm, p=3.1 gkmJ, andnl =0.98) the expected mte of ftequency change wiil be dJdm = 1.82x 101~I-klg. Th@
a shifl in the resonance frequency will be observed as additional mass is deposited on the rnicrocantilever. Using shorter and
narrower rnicrocantilevers can lead to a more sensitive response.

2.4. Chemical Sensing Based on Microcantilever Bending

The bending ofa microeantilever is extremely sensitive to the adsorption of chemical anaiytes on its suri%ee,and our results
show that monitoring the bending as a function of analytes adsorption provides the highest chemical sensitivity, The minimum
detectable mass can be two orders of magnitude smaller when the microcantilever bending is used as the chemical sensing
mechanism instead of the resonance frequency change. As rnicrocantilevers are stressed (for example, due to adsorption of a
chemical anaiyte] a change in. the radius of curvature (see Figure 1) occurs which is given by [ 13- 15]

1 6(1 - u) ~—.—
R El=

(10)

where R is the radius of curvature of the microcantilever, u is the Poisson’s ratio and & (= Asl - LS2) is the surface differential
stress. The surface differential stress As is proportional (at least to a first order approximation) to the number of adsorbed
molecules and therefore to the total additional mass Ama, i.e.,

AS’cpm (11)
a



where CI k a proportionality constant that depends on the sticking coefficient of the adsorbed molecules; a typical value for
C, is -1 D1~dyn cm”’ gut, The bending Zm [= 12I (2 R)], is related 10the additional mass (and differential surface stress) through

Therefore, measurement of the bending z~Wallows the amount of adsorbed mass to be determined when the adsorption
process is confined to only one side of the microcantilever.
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Figure 3, Schetitic of the setup that will be used to determine the photo-induced bending of microcantilevers exposed
to analytes, In this arrangement the diode laser with L=790 nm (or 1400 rtm) is used to produce the photo-induced
bending and the diode laser with 1=633 nm is used to measure the deflection of the microcimtilever

3. EXPERIMENTAL

Although the bending of microcantilevers can readily be determined by a number cIfmeans (optical, capacitive, electron
tunneling, and piezoresistive) in this work, we employed optical readout techniques. The approach used was adapted from
standard atomic force microscopy (AFM) imaging systems, and is shown schematicallyy in Figure 3. A diode laser (delivering
1 mW at 670 mm) was used in a probe configuration to monitor the microcantilever bending and was focused onto the tip of
the microcantilever, A quad-element (A,13,C,D) photodiode detector was used to collect the reflected probe beam, The current
output (iA,B,cD)of the photodiode depended linearly on the bending of the microcantilever. A hi@ ~w ~dp oPtic~ filter

was placed in front of the photodiode allowing the laser beam to be detected while preventing other wavelengths from reaching
the photodiode, The amplified differential current signal from the quad cell photodiode, i~,fl,c,D[= (iJ+@ - (ici-i~) / (i~+i~ +
ic+io)], was monitored and recorded ~ing a digital oscilloscope (TI)S 780, Tektronix) or sent to a lock-in amplifier (SR850,

Stanford Research Systems) for signal extraction and averaging. A 16 bit andog-mdigital (Ml) ccmverter with a resolution
of 0.33rnV was used to monitor the microcantilever deflection signal and the sampling of the deflection signal was performed
at a rate of 4 Hz. A second laser ( HeNe, delivering 3 mW at 633 nm) was used to produce the photo-induced stress in the
microcantilever. From the measured photodiode si.gna! i,4.H.C.i),the microcantilever deflection, zti, can be obmined ff~m

(13)



where II is the distanm between the microcantilever and the photodiode, and d is the distance the reflected beam moved on the
photodiode (see Figure 4), Taking into account that d = D/2 iAI?,c,nwhere D is the diameter of the photodiode, the
rnicrocantilever deflection Zm can be determined from

In this work, gold-mated microcantik.vers surfaces were denvitized by forming self-assembled composite moncdayers,
We did this by placing the rnicrocantilevers in a I rrtM solution of 11-mereaptoundecanoic acid / hydrogen peroxide for about

8-12 hours. Following the rinsing of the surfaces with ethanol and water, the microcantilevers were submerged in a 2 mM
solution of copper (11]perchlorate hexahydrate / ethanol for about 5-10 minutes. This process resulted in the formation of a

,(iA+i#)-\ic+ljD{
z .-

‘- 2 i~+iB+ic+iD 7
(14)

carboxylate-terminated n-alkanethiol monolayer on the surface of the micmcantilever and bonded copper (11)ions to the surface
of the self-assembled monolayer. The copper (11)ions allowed for seleetive and reversible binding of orgmmphosphonates such
as diisopmpyl methylphosphonate (DIMP),

.

Laser

Figure 4.

4.
4.1. 2-Mercaptoehtanol

Geomeny of the rnicroeahtilever bending.

RESULTS AND DISCUSSION

Mereaptans interact strongly with gold surfaces and form self-assembled monolayer. The microcantiiever deflection, z-,
is proportional to adsorption-induced surface stresses which, in turn, is propotiional to the number of adsorbed molecules.
Therefore by monitoring the microcantiiever deflection as a timction of time allows the determination of the mokeular
adsorption rate. In order to demonstrate that microeantilever-based chemical deteetion can poses a rather large dynamic range,
we exposed gold-coated SiNx microcantilevers [ 19] to a mixture of 4.2 mTorr of 2-mercaptoethanol in 760 Tom of ambient air.
In Figure 5 we plotted the deflection as a firnction of exposure time. This is a mther high concentration of 2-mercaptoethanol

and corresponds to 5.5 parts per million @pm). The time tD=Ocorresponds to the admittance time of 2-mercaptoethanol into
the chamber. The microcarttilever reaehed a bending of -2606 nm for an exposure time of /1 = 5744 S. At f = tl the chamber
containing the microcantilever was flushed with N2. No fhrther bending was observed after equilibrium was reached. As seen
from Figure 5, the deflection rate stops as the 2-mercaptoethanol is removed from the sampling volume. The data presented



in Figure 5 demonstrate both the high sensitivity and large
dynamic range of deflection when gold-coated micmcamilevers 3000 } 1 1 1 1
are exposed to 2-mercaptoethanol vapor. 2-mercaptoethanol

2500 - 5500 ppb
Adsorption-induced surface stress carr be used as a sensitive ,’

way to determine the chemical presence of molecular species, In g

Figure 6 we plotted the time evolution of the microcantilever ‘a
2000 - ,1’

11
deflection when exposed to varying small amounts of NE ,500
2-mercaptoethanol ranging from 65 to 350,@. The time H) ~ ,/

correspond-s to the time 2-rnercaptoethanol was introduced into ‘~
,,.

the chamber. h can be seen that after the introduction of the 2- ~
1000 -

L ‘“
rnercaptoethanol into the chamber, a rapid (and appreciable) n

, ,.-

response of the microcantilever was observed. After tlna~
500

j ““’
,’

equilibrium was reached, the deflection reached a maximum value >.,.”
that remained constant for each concentration. The mixture in the o 1 1 1
chamber was sampled and introduced into a Finnigan Mat GCQ o 2000 4000 6000 8000
gas chromatographlmass analyzer to determine the amount of 2- Timel t (s)
mercaptoethanol introduced into the exposure chamber [19].
Figure 7 shows the final deflection of the microcantilever as a-
fhnction of the concentration of 2-mwcaptoethanoi for each Figure 6. Microcantileverbending as a thnction of exposure
exposure, The measured deflection of the microcantilever time to 2-rnereaptoethanoi vapors corresponding to 4.2 mTorr
exhibits a linear dependence on the concentration of of 2-mercaptoethanol in 760 Torr of ambient air. The time f =

2-mercapmethanol with a slope of 0.432 n~ppb; /1 corresponds to the time the chamber was flushed with Nz,

concentrations as small as 65 J@ can easily be detected using
a microcantilever sensor, [t can be seen that the microcantilever responds very sensitively to the ~resence of minute amounts
of 2-mercaptoethanol as these molecules adsorb on the gold-coated surface forming self-assembled monolayer.

_l 2-mercaptoetharml 350 ppb
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~
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Figure 7, Microcantilever bending as a function of
exposure time to 2-mercaptoethaool vapors
corresponding to 65, 210, and 350 ppb; the timi A
corresponds to the time 2-mercaptoethanol was
introduced into the detection system.

o 100 200 300 400
Concentration(J@)

Figure 5. Bending of a gold-coated microcantilever
chemical sensor as a function of 2-mereaptocthanol
concentmtion (@).

We should point out that without any fi.rrther improvements a minimum deflection signal of - 10 mn carI be measured in
our experimental set-up, Using the sensitivity slope of 0.432 nrn@pb (see Figure 7) a detection Iitnit of 23 ppb can be achieved.
However, microcantilever deflections of over one order of magr,itude smaller are routinely measured in AFM applications. it
may be then possible to further lower the detection limit reaching parts per trillion @pi] detection limits,



4.2. I)iisopropyl methylphosphonate (DIMP]

In our studies we used gold-coated Si microcantilevers to
investigate the effect of adsorption of D[MP on the photo-
induced bending of tnicrucantilevers. Gold coated surfaces do
adsorb DIMP very effectively, but the selectivity can be
substantially improved by first coating the surface with self-
assembled monolayer which were found were found to adsorb
DIMP very effectively [20]. The chemical coating approach
used in the present work follows Kepley et al. [20] and is based
on self-assembled monolayer. The chemical setective coating
capitalizes on the interaction between organophosphonate
compounds and a self-assembled based monolayer. The
chemical seketivity of the layer is based orI the interaction of
CU+2bound to the microcantilever surfiice by a carboxylate-
tm-minated n-alkanethiol monoiayer. Kepley et al. used this kind
of chemicrd coating on a QCM device and based their choice on
the fact that CU+2 and some of its chelates are hydroiysis-
catalysts for cetiin chemical warfare agents [20]. Therefore, a
chernicai surface layer of coordinative y unsaturated CU”2can
provide both selective and reversible binding sites for
mganophosphonate compounds. After a surface cleaning
procedure, the microcantilevers were placed in the 1mM 1i-
mercaptoundecanoic acid/ ethanol solution for a 24 hour period
and were then piaced in the 2 mM Cu(C104)2*6 H2CI / ethanol
solution for about 15 minutes, The time aiiowed for the
composite monolayer to form was not excessive because it is self-
assembIed. The self-assembly process ceases when the coating
layer is one molecule thick and produces a highly ordered
monolayer. Microcantilevers with such surface coatings were
exposed DIMP molecules by flowing a mixture of N2 and DIMP
vapor in a chamber containing the rnicrocantilever, The
composite self-assembied monolayer coating transiently adsorbs
molecules of DIMP vapor, wh~ch causes the rnicmcantilever to
bend. We found that our derivitized microcantilevers respond
proportionally and reversibly to the presence of I)lMP moleetdes
in a way that is distinguishable from any response m common
organic solvents such as ethanol, methanol, or acetone. In Figure
8 we plotted the bending response of a microcantiiever (with a
carboxylate-termifiated n-alkanethioi monolayer) to concentration
of DIMF’ molecules corresponding to 63 ppb. During Ihe
ewm.ue time, we observed no measurable change in the
resonance fi-equency of the microcarniiever.

In our present studies, we also used gold-coated
rnicrocantilevers to investigate the effect of adsorption of DIMP (on
the photo-induced bending of microcantilevers. Depending on the
photon wavelength and microcantdever material, the bending can
be in either direction. The beauty of this approach is that once
analytes have been adsorbed cm the surface, the bending can be
measured either in real-time, or repeated sometime later without
loss of sensitivity, We measured the photo-induced bending of a
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DIMP
63 ppb
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Figure 8. Bending response of a microcantilevet with a
carboxylate-terminrited n-akanethiol monolayer expmed
to DIMP. During the exposure time no measurable
change in the resonance frequency was observed.
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Figure 9. Photo-induced bending of (a) a gold coated
microcantilever with no anaiytes adsorbed, and {b)same
microwntiiever as before but exposed to DIMP for 60s.
The dashed curve (c) shows the amount of time the
microeantilever was exposed to photons that caused the
photo-induced bending obsemd. During the exposure
time no measurable change in the resonance tlequency
WU obsewed.



gold-coated rnicrocantilever exposed to photons from a diode laser with wavelength 790 nm [cume (a) in Figure 9], We
subsequently exposed the gold+oated rnicrocamilever to D[MP vapor at room temperature for 60s. The rnicrocantilevers were
exposed to DIMP vapor by placing them into a small vial containing liquid DIMP which at 25 ‘C has a vapor pressure of
-700 mTorr. Following the adsorption of DIMP molecules, the rnicrocantilever was irradiated using a diode laser (790 mn,
and same intensity as before) and the measured photo-induced bending is showm by curve (b) in Figure 9. During exposure of
the micmcantilever to I)IMP we did not detect any changes in the resonance frequency (< O.I Hz) of the microcantilever placing
an upper limit on the adsorbed mass of less that 1x 10-g-g/cmz.

4.3. Trirtitrotoluene

In our studies, we exposed gold-coated Si rnicrocantilevers to
TNT molecules in order to investigate the effect ofphoto-induced
stress. The detection of TNT under ambient conditions presents a
challenge since TNT is miid at room temperature and has very low
vapor pressure (10-*Tot-r). Because of the very low vapor pressure
adsorption-induced stress will be very small since only a small
number of molecules will be adsorbed cmthe surfhce. A small TNT
sample (less than <5 mg) was placed in a chamber ccmtaining a
goid-coated microcantilever allowing TNT molecules to adsorhon
the microcarttilever surface. The TNT sample was removed from
the chamber before any measurements were taken, In fact, we found
no measurable bending response due to any adsorption-induced
stresses from TNT molecules, We measured the photo-induced
stress both before and after exposure to TNT using a HeNe laser
capable of delivering 10 mW. [n Figure 10 we plotted the photo-
induced response of the microcantilever prior to exposure to TNT
(curve a) and after exposure to TNT (curve b). Fig-urn 10 shows that
the photo-induced bending depends on the presence of TNT
mcdecules on the surface. Since Si contracts when exposed to 633
nm photons, the photo-induced bending decreases as more TNT
molecules adsorb on the surface of our detector. We attribute our
findings to changes effected in the surface states of the gold-coated
microcrmtilever due to adsorption of TNT molecules.

In order to estimate the number of TNT molecules adsorbed
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Figure 10. Photo-induced bending of a gold-coated
microcantilever to TNT vapor for the sarm input photon
power for (a) no exposure to TNT molecules and (b)
exposure to TNT moiecules.

on the gold-coated microcantilever surface, we measured the resonance frequency of the microcantilever before it was exposed
to TNT molecules, Our results show that initially the resonance ilequency was~o = 41,21 kflz. However, after TNT molecules
adsorbed on the microcantilever surface, we observed no memn-a~le resonance frequency shift. We estimated that the
resonance frequency shift would be <0.01 Hz placing an upper limit on the adsorbed mass of TNT of less than 10ib g or fewer
than 3X107of adsorbed molecules.

5. CONCLUS1ONS

In this work, we have demonstrated that MEMS-based rnicrosystems can be used as sensitive chemical sensors, There are
a number of physical and chemical effects that become increasingly important as the physical size of the detector decreases.
Monitoring the bending of rnicrocantilevers exposed to target chemicals provides an attractive method for chemical detection,
Although simple chemical coatings can be found, such as gold-coated microcantilevers that respond sensitively ro the presence
thiols, the selectivity of gravimetric-based detection is a concern. Compounds with small vapor pressure me difllcult to detect
with simple gmvimetric chemical sensors, However, both the selectivityy and sensitivity can be taiiored using the photo-induced
stress in semiconductors and we believe that this limit can be extended to below parts per trillion (,qM}. Microcantilevers
lcpresent an imporrant development in micromechanical-baseti chemical detection technology. For example, vastly improved
MEMS chemical detectors could be produced by making relatively simple changes in the materials and geometries used in



microcantilever fabrication. In addition, the compatibilityy of microcantilever technolo~ with a variety of readout methods
aflords tremendous flexibility to potential system designers.
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