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Abstract

Ž .We have measured the response of gold-coated silicon nitride microcantilevers to 2-mercaptoethanol HS–CH –CH –OH vapors and2 2

found that they respond rather sensitively to 2-mercaptoethanol vapors. Such microcantilevers can be used to develop sensitive
micromechanical chemical sensors for detecting sulfur-containing compounds. Microcantilevers with a gold coating on one side respond
to adsorption of molecules by changes in their resonance frequency andror bending. The bending induced from adsorption of
2-mercaptoethanol molecules on microcantilevers is at least an order of magnitude more sensitive than any corresponding resonance
frequency changes resulting from mass loading. In the present studies, we used the adsorption-induced bending and placed a lower limit

Ž .in the minimum detectable concentration of mercaptan vapor at -50 parts per billion ppb . q 1999 Elsevier Science S.A. All rights
reserved.
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1. Introduction

Ž .2-Mercaptoethanol HS–CH –CH –OH is a liquid at2 2

room temperature, has a vapor pressure of 1 Torr at 208C,
a boiling point of around 1578C, and possesses a strong

w xunpleasant odor 1 . For the human nose, the odor thresh-
old for mercaptans is between 0.7 and 35 parts per billion
Ž . w xppb 2 . Although the human nose is sensitive to mercap-
tans, it cannot serve as a long-term alternative to chemical
detectors because of potential chemical fatigue. 2-
Mercaptoethanol is used in a number of applications such
as rust inhibitor in steel, brightening agent in copper
deposition, tarnish remover from alloys and metals, ingre-
dient in hair permanent chemicals and wool and hair dyes,
mosquito control agent, a reagent for diagnostic bioassays,

w xand an initiator in polymeric reactions 3 . About 40,000
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workers in the USA are potentially exposed to 2-mercapto-
w xethanol 4 .

Because of the effects on biological systems, there is a
need for the development of continuous direct reading
monitors and personal samplers for 2-mercaptoethanol.
Yet, to date, no effective sampling method has been
identified. While various techniques have been used to
collect and analyze airborne mercaptans, no information is
available in the literature on sampling procedures specific
to 2-mercaptoethanol. Sorbent tubes containing Chro-
mosorb 104 and provide an efficient sampling method for
most mercaptans although it has been found unsatisfactory
for ethanethiol. Gas chromatographic techniques have been

w xused to detect mercaptans in the ppb range 5 . In those
studies, a hydrogen flame was used along with a column of
4% carbon 20 M terminated with terephthalic acid on

Ž .60–80-mesh hexamethyldisilazane HMDS pre-treated
chromosorb W. The H flame detector temperature was2

2008C and a retention time of 3.65 min was reported for
w x2-mercaptoethanol 5 .

In the present studies, we investigated the interaction of
2-mercaptoethanol with gold-coated microcantilevers such
as those commonly used in scanning force microscopy
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Ž .SFM . We found that such microcantilevers can be used
to detect the presence of mercaptans. Gold interacts with
sulfur-containing compounds by forming self-assembled
monolayers. In fact, highly ordered monolayers are formed
when organomercaptans are adsorbed on gold a surface

w x w xeither from the vapor phase 6 or solution 7 . It is this
interaction that provides the specificity of gold-coated
microcantilevers to sulfur-containing compounds. The res-
onance frequency of the microcantilever was found to
change when molecules were adsorbed on its surface
w x8–10 . One advantage of a microcantilever sensor is that

Ž y6 2 .its active area is small typically ;10 cm which is
obviously advantageous when miniaturization is desired.
Since silicon microcantilevers can be easily microma-
chined, mass production and array fabrication is possible.

When molecular adsorption is preferentially confined to
only one side of the microcantilever, then in addition to the
resonance frequency variation microcantilevers also un-
dergo bending. The microcantilever bending results from
unbalanced adsorption-induced differential surface stress
Ž .see Fig. 1 . This adsorption-induced effect provides an
alternate and more sensitive method for measuring the
response of micromachined cantilevers to chemicals in
their environment. In Fig. 2, we show a micrograph of a
commercially available triangular SiN microcantileverx
w x11 .

In this paper, we report on the sensitivity of
adsorption-induced bending of a gold-coated microcan-
tilever and compared that sensitivity to the sensitivity
derived from frequency variation due to mass loading.

Fig. 1. Schematic diagram showing the bending response of the microcan-
tilever. Surface stresses s and s are balanced at equilibrium but become1 2

unequal and cause bending upon adsorption of analyte molecules. A force
along the z-direction is induced due to the differential surface stress
which causes the microcantilever to change its radius of curvature.

Fig. 2. Micrograph showing a triangular SiN microcantilever. The pad atx

the apex of the microcantilever was used to reflect the readout laser
beam.

Using the microcantilever bending as the sensing mecha-
nism, a detection sensitivity of 65 ppb was estimated for
2-mercaptoethanol.

2. Molecular adsorption on microcantilevers

2.1. MicrocantileÕer resonance frequency

w xCurrently available gravimetric chemical sensors 12,13
Ž . w xsuch as quartz crystal microbalances QCM 14,15 , sur-

Ž . w xface acoustic wave SAW 16–20 , acoustic plate mode
Ž . w x w xAPM devices 15,20 , chemiresistors 13 , and flexural

Ž . w xplate wave oscillators FPW 16,17,20,21 achieve sensing
by monitoring the sorption processes on the sensing ele-
ment that result in some frequency shift. However, chemi-
cal detection based on the change in resonance frequency
of a microcantilever is not as sensitive as the use of
deflection change. Nonetheless, it can provide valuable
information when increased molecular adsorption takes
place. When the interaction of an analyte with the micro-
cantilever results in the adsorption of that species on the
microcantilever surface, it causes changes in the deflection
Ž .or radius of curvature and the resonant frequency, f , of0

the microcantilever. For a rectangular microcantilever bar
with a spring constant, k, the resonance frequency, f , is0

inversely proportional to the square root of the effective
w Ž .mass m of the microcantilever f s 1r2peff 0

Ž .1r2 xkrm . The effective mass can be related to the masseff
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of the microcantilever beam, m , through the relation:b
w xm snm , where n is a geometrical factor 22,23 . Foreff b

w xexample, in the case of commercially available 11,24
Ž .silicon nitride SiN , microcantilevers with spring con-x

stants of 0.06 and 0.03 Nrm, the values of n are 0.14 and
w x0.18, respectively 23 . In order to determine the change in

Ž .resonance frequency, D f m ,k , both the change in springeff

constant, Dk, and mass Dm must be obtained; a changeeff

of Dkrkf10y6 was reported for gelatin-coated micro-
w xcantilevers 10 .

For a rectangular microcantilever of length l, thickness
w xt and width w, the spring constant can be written as 22 :

Ewt 3

ks 1Ž .34 l

where E is the Young’s modulus. When there is a uniform
Ž .mass load either from vapors or solution distributed over

the surface, the resonance frequency decreases with in-
w xcreasing mass and can be described by 22 :

d f 1 E
s 2Ž .(3 3dm 4p n l w r1

w Ž .xwhere r smr lwt is the mass density of the microcan-
tilever and the deposited mass and n is a geometrical1

factor approximately equal to unity. For a typical SiNx
Ž 12 2microcantilever with Es3.85=10 dynrcm , ls200

mm, ws20 mm, ts0.6 mm, rs3.1 grcm3, and n s1
.0.98 the expected rate of frequency change will be

d frdms1.82=1012 Hzrg. Thus, a shift in the reso-
nance frequency will be observed as additional mass is
deposited on the microcantilever. Using shorter and nar-
rower microcantilevers can lead to a more sensitive re-
sponse.

In order to compare the microcantilever to other gravi-
metric devices we will use the mass sensitivity Sm defined

w xas 16,17,20 :

1 D f
mS s 3Ž .minf Dms

where Dmmin is the minimum detectable surface masss

density and is equal to the minimum detectable mass over

the active area of the microcantilever. Then, substituting
Ž .for the mass msr lwt where r is the mass density of

the deposited material we get:

1 D f
mS s . 4Ž .

r f D t

The mass sensitivity for the microcantilever is Sm f
Ž .1r r t when the microcantilever is uniformly mass loaded.

w xWard 19 has reported a tabulation of operating frequen-
cies along with surface mass sensitivities of several kinds
of gravimetric based chemical sensors. In Table 1, we

Žshow a comparison between the microcantilever when
only shifts in resonance frequency are used as the sensing

.mechanism and other gravimetric devices. Changes of
D frfs10y7 have been measured earlier for QCM and

w xSAW devices 20 . Assuming that a more modest D frfs
10y6 can be measured, the microcantilever is expected to
be more sensitive than other gravimetric devices with a
Dmmin ;69 pgrcm2. Such small values of Dmmin corre-s s

spond to a total adsorbed mass Dm;2.8=10y15 g and if
we assume an average molecular weight of 100 as few as
;4=1011 molecules can be detected. Even smaller Dma

can be detected when the change in the microcantilever
bending is used as the detection mode; in this case, a
minimum detectable mass of -10y16 g is possible which
corresponds to a surface mass sensitivity of over one order
of magnitude better.

2.2. MicrocantileÕer bending

The bending of a microcantilever is extremely sensitive
to the adsorption of chemical analytes on its surface and
our results show that monitoring of the bending as analytes
adsorb on the microcantilever surface can provide the
highest chemical sensitivity. The minimum detectable mass
can be two orders of magnitude smaller when the micro-
cantilever bending is used as the chemical sensing mecha-
nism instead of the resonance frequency change. As micro-

Žcantilevers are stressed for example, due to adsorption of

Table 1
Comparison between the microcantilever and other commonly used gravimetric-based sensor devices

m 2 min 2Ž . Ž . Ž . Ž .Gravimetric sensor Resonance frequency MHz Thickness mm S cm rg Dm ngrcms

Microcantilever 0.005–5 0.1–4.5 14.560–72.8 0.069–13.8
aFPW 2–7 3.5 951 0.4
bSAW 30–300 760 151 1.2
cAPM 25–200 200 65 1.0
dQCM 5 500 14 10

a w xFPW from Refs. 15,20,21 .
b w xSAW from Refs. 19,20 .
a w xAPM from Refs. 19,20 .
d w xQCM from Ref. 20 .
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.a chemical analyte , a change in the radius of curvature
Ž . w xsee Fig. 1 occurs which is given by 25–27 :

1 6 1yyŽ .
s D s 5Ž .2R Et

where R is the radius of curvature of the microcantilever,
Ž .y is the Poisson’s ratio and D s sD s yD s is the1 2

differential surface stress. When the total adsorbed mass is
small compared with the total mass of the microcantilever,
we can assume that the differential surface stress D s is

Ž .proportional at least to a first order approximation to the
number of adsorbed molecules and therefore to the total
additional mass Dm, i.e.,

D ssC Dm 6Ž .1

where C is a proportionality constant that depends on the1

sticking coefficient of the adsorbed molecules; a typical
value for C is ;1015 dyn cmy1 gy1. The bending z1 max
w 2 Ž .x Žs l r 2 R , is related to the additional mass and surface

.differential stress through

3l 2 1yyŽ .
z sC Dm 7Ž .max 1 2Et

Therefore, measurement of the bending z allows themax

amount of adsorbed mass can be determined when the
adsorption process is confined to only one side of the
microcantilever.

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

w xdescribed as 23 :

p 2 n p 2 n
Dks D s qD s sC Dm 8Ž . Ž .1 2 14n 4n0 0

where the geometrical factor ns0.24 for a rectangular
microcantilever and n is another geometrical factor. Stan-0

dard physical parameters for commercially available mi-
w xcrocantilevers can be found in the literature 11,24 . Stud-

w xies have shown 10 that a value of 0.38 Nrm can be
obtained for surface differential stress, D s, as a result of
exposure of a gold-coated microcantilever to chemical
analytes. Thus, the magnitude of exposure can be related
to the extent of the bending which, in turn, can be used as
a sensitive method for chemical detection.

3. Experimental

The experimental set-up used in the present studies is
shown schematically in Fig. 3. We used commercially

w xavailable 11 , ‘‘V’’-shaped SiN microcantilevers withx

length of 200 mm and spring constant 0.6 Nrm. Each was
0.6-mm thick and had a 50-nm thick goldrchromium film
uniformly covering one of their sides. The bending of
microcantilevers can be readily determined by a number of
means, including optical, capacitive, electron tunneling,
piezoresistive, and piezoelectric methods. In this work, we
used an optical readout technique for observing microcan-

Žtilever bending. A diode laser delivering 1 mW at 670
.nm was used in a probe configuration to monitor the

microcantilever bending. The diode laser was focused
down to a 400 mm2 spot on the tip of the microcantilever
using a 20= microscope objective; the tip of the ‘‘V’’-
shaped SiN microcantilever had an area of around 20x

2 Ž .mm see Fig. 2 . In order to minimize heating of the tip
by the probe laser, optical power was reduced by placing a
neutral density filter with an optical density of 1.0 between
the probe laser and the objective. A quad-element
Ž .A,B,C,D photodiode detector was used to collect the

Ž .reflected probe beam. The current output i of theA,B,C,D

photodiode depended linearly on the bending of the micro-

Fig. 3. Schematic of the experimental arrangement used to determine the adsorption-induced bending of microcantilevers exposed to analytes. In this
Ž .arrangement, the diode laser with ls670 nm is used to measure the deflection of the microcantilever.
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Fig. 4. Geometry of the microcantilever bending.

cantilever. A high narrow bandpass optical 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

w Ž . Žfrom the quad cell photodiode, i s i q i y iA,B,C,D A B C
. Ž .xq i r i q i q i q i , was monitored and recordedD A B C D

Ž .using a 16-bit analog-to-digital ArD converter and sent
Ž .to a lock-in amplifier SR850, Stanford Research Systems

for signal extraction and averaging. Dosing was accom-
plished by allowing the vapor pressure from small amount
of liquid thiol kept at room temperature to expand through-
out the enclosed volume. Monitoring of the thiol concen-
tration was performed using a Gas Chromatography-Mass

Ž .Spectroscopy GC-MS . A 16-bit ArD converter with a
resolution of 0.33 mV was used to monitor the microcan-
tilever deflection signal and the sampling of the deflection
signal was performed at a rate of 4 Hz.

From the measured photodiode signal i , the mi-A,B,C,D
Žcrocantilever deflection, z , can be obtained from seemax

.Fig. 4 :

d
z s l 9Ž .max h

where h is the distance between the microcantilever and
the photodiode, d is the distance the reflected beam moved
across the photodiode. Taking into account that ds
Dr2 i where D is the diameter of the photodiode,A,B,C,D

the microcantilever deflection z is given by:max

1 i q i y i q i DŽ . Ž .A B C D
z s l. 10Ž .max 2 i q i q i q i hA B C D

Furthermore, from the measured i , the bendingA,B,C,D
Ž .sensitivity nmrA can be determined by calibrating the

microcantilever deflection by lowering the microcantilever
to a rigid substrate which is then raised and lowered
repeatedly while the microcantilever oscillated between
contact and non-contact position with the surface. By
correlating the deflection of the substrate with the linear
laser deflection signal on the photodiode, a measure of the
deflection as well as the deflection sensitivity was obtained
w x28 . This was repeated for each microcantilever prior to
exposure so that any ‘‘memory’’ effects can be eliminated.
The microcantilevers were mounted in a chip holder and
the entire assembly was placed inside a sealed chamber
Ž 3.with a total volume ;50 cm . In the present studies, we

Fig. 5. Microcantilever bending as a function of exposure time to 2-mercaptoethanol vapors corresponding to 4.2 mTorr of 2-mercaptoethanol in 760 Torr
of ambient air. The time ts t corresponds to the time the chamber was flushed with N .1 2
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did not regenerate microcantilever that were exposed to
2-mercaptoethanol vapor. For this reason, for each dosing
we used a new microcantilever.

We observed that microcantilevers mounted on the chip
holder exhibited an initial drift following the activation of
probe diode laser, partially due to heating from the laser
light. The extent of the drift and the time required to attain

Ž .equilibrium steady state depended on a number of fac-
Žtors, including the presence of other chemical vapors such

.as humidity . Consequently, all the results exposed were
obtained after a steady state was reached.

4. Results and discussion

The study of molecular adsorption to gold-coated mi-
crocantilevers was accomplished by monitoring the deflec-
tion of microcantilevers exposed to 2-mercaptoethanol va-
por. Since microcantilever deflection, z is proportionalmax

to the adsorption-induced surface stress which, in turn, is
proportional to the number of adsorbed molecules, the
monitoring of deflection as a function of time allows the
determination of the molecular adsorption rate.

In Fig. 5, we plotted the time evolution of the bending
of a gold-coated SiN microcantilever exposed to a mix-x

ture of 4.2 mTorr of 2-mercaptoethanol in 760 Torr of
ambient air. This rather high concentration of 2-mercapto-

Ž .ethanol correspond to 5.5 parts per million ppm . The
time t s0 corresponds to the time when 2-mercapto-0

ethanol was allowed into the chamber. The microcantilever
exhibited a bending of ;2606 nm after an exposure time

of t f5744 s. At ts t the chamber containing the1 1

microcantilever was flushed with N and no further bend-2

ing was observed after equilibrium was reached. As seen
in this figure, the deflection rate stops as the 2-mercapto-
ethanol is removed from the sampling volume. The data
presented in this figure demonstrate both the high sensitiv-
ity and large dynamic range of gold-coated microcan-
tilevers to 2-mercaptoethanol vapor.

In Fig. 6, we plotted the time evolution of the microcan-
tilever deflection when exposed to varying amounts of
2-mercaptoethanol ranging from 65 to 350 ppb. The time
ts0 corresponds to the time when 2-mercaptoethanol was
introduced into the chamber. It can be seen that after the
introduction of the 2-mercaptoethanol into the chamber, a

Ž .rapid and appreciable response of the microcantilever
was observed. After final equilibrium was reached, the
deflection reached a maximum value that remained con-
stant for each concentration. The mixture in the chamber
was sampled and introduced into a Finnigan Mat GCQ gas
chromatographrmass analyzer to determine the amount of
2-mercaptoethanol introduced into the exposure chamber.
In Fig. 7 is plotted the final deflection of the microcan-
tilever as a function of the concentration of 2-mercapto-
ethanol for each exposure. The measured deflection of the
microcantilever exhibits a linear dependence on the con-
centration of 2-mercaptoethanol and a slope of 0.432
nmrppb was determined; concentrations as small as 65
ppb can easily be detected using a microcantilever sensor.
It can be seen that the microcantilever responds very
sensitively to the presence of minute amounts of 2-mer-
captoethanol as these molecules adsorb on the gold-coated
surface forming self-assembled monolayers.

Fig. 6. Microcantilever bending as a function of exposure time to 2-mercaptoethanol vapors corresponding to 65, 210, and 350 ppb; the time ts0
corresponds to the time 2-mercaptoethanol was introduced into the detection system.
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Ž .Fig. 7. Final bending of the microcantilever as a function of 2-mercaptoethanol concentration ppb .

With our experimental set-up, we noticed that there was
a time-dependent drift present in the deflection signal and
the drift in the measured deflection signal depended lin-
early on time. This deflection drift was recorded as a
function of time prior to the exposure of the microcan-
tilever to 2-mercaptoethanol vapors and was determined by
linear least squares fit. The data presented in Figs. 5 and 6
have been corrected for any drift. We also noticed that the
rate of microcantilever bending is a strong function of the

Žconcentration of 2-mercaptoethanol in the chamber Fig.
.6 . Again, as before, the baseline shift from the thermal

drift is subtracted from the result.
The noise contribution in the detection system origi-

nates mainly from drift in the microcantilever bending due
to laser heating. Since the microcantilever is bimetallic, the
laser light used for optical detection can heat the cantilever
causing bending. In general, this drift reaches an equilib-
rium within an hour of experiment. We found that most of
this drift can be minimized by annealing the microcan-
tilever to a temperature of 3508C which relieves any
residual stresses present in the material. Annealing at
higher temperature causes the permanent bending and de-
formation of the microcantilever which can be attributed to
changes in the grain structure of the cantilever and gold
film. Yet, another source of noise comes from the oscilla-
tion of the microcantilever due to ambient temperature.
However, this kind of drift will be represented by an AC
component superimposed on our DC deflection signal.

ŽMost drifts observed could also be eliminated or at least
.reduced by using a pre-calibrated reference microcan-

tilever.
The important factor in this measurement was that the

drift value was a linear function of time before the 2-mer-
captoethanol vapor was introduced into the confinement
volume. The deflection drift prior to 2-mercaptoethanol

introduction was determined by fitting it to a linear func-
tion with a slope of 5.1=10y2 nmrs with a confidence
coefficient of 0.9999. Additionally, it was necessary to
make sure that the deflection drift was constant throughout
the experiment. We verified this by determining the signal
drift after the experiment was completed and the 2-mer-
captoethanol vapor had been removed from the confine-
ment volume. In this time region, the deflection slope was
determined to be 5.3=10y2 nmrs with a confidence
coefficient of 0.9999. Comparing the difference in values
before and afterwards, with the deflection values obtained
during the dosing time, we reach the conclusion that it is
of minimal influence. For display purposes, the average
deflection slope is subtracted from the dosing data shown
in Figs. 5 and 6. Without any further improvements, a
minimum deflection signal of ;10 nm can be measured
in our experimental set-up. Using the sensitivity slope of
0.432 nmrppb, a detection limit of 23 ppb can be achieved.
However, microcantilever deflections of over one order of
magnitude smaller are routinely measured in SFM applica-
tions. It may then be possible to further lower the detection

Ž .limit reaching parts per trillion ppt .
Although, in our present studies, we have used an

optical detection system, the deflection of a microcan-
tilever can be measured with sub-Angstrom resolution
using capacitive, piezoresistive, or piezoelectric detection
methods. These detection systems have some advantage
over optical detection system such as the elimination of
optical set-up and alignment, and compactness.

5. Conclusion

In this paper, we have demonstrated that gold-coated
microcantilevers respond sensitively to the presence of
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2-mercaptoethanol. Earlier studies have demonstrated that
the mass sensitivities of the frequency variation of micro-
cantilevers can compete with those of other gravimetric
chemical sensors. By monitoring, the bending of microcan-
tilevers can provide an attractive way to detect 2-mercapto-
ethanol vapor. We have measured the bending of gold-
coated microcantilevers exposed to very small concentra-
tions; a value of z ;24.8 nm for 65 ppb was measured.max

However, we believe that this limit can be extended to
parts per trillion. As with all gravimetric-based detection
approaches, selectivity becomes a concern. Through the
use of a number of differentially coated microcantilevers, a
somewhat unique signature can be obtained based on
pattern recognition techniques. Although in this work, we
used only the changes in the microcantilever bending as

Ž .the sensing or static sensing mechanism, the static micro-
cantilever detection mode is at least two orders of magni-
tude more sensitive than the dynamic cantilever sensing.
However, we should point out that in the microcantilever

ŽAC mode, lower resonance frequencies of the order of
.kHz than other gravimetric chemical devices are required.

This means that not only the readout electronics can be
Žsimpler but by using higher harmonics and therefore

.higher frequencies , the AC sensitivity can be further
improved.
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