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A micromachined surface stress sensor based on a thin suspended crystalline silicon circular plate
measures differential surface stress changes associated with vapor phase chemisorption of an
alkanethiol self-assembled monolayer. The isolated face of the suspended silicon plate serves as the
sensing surface treated with a receptor layer sensitive to a target molecule, in this case Au(111).
Chemisorption of an alkanethiol on the gold coated silicon surfaces results in plate bending. Plate
displacements, measured with a phase scanning interferometer, indicate a differential surface stress
change Ao,=-0.72+0.02 Nm™' for 1-dodecanethiol. © 2006 American Institute of Physics.
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The measurement of surface stress has been pursued for
many years and is a critical factor for understanding a wide
variety of surface-related phenomena, for example, surface
reconstruction, shape transitions in nanoscale particles, sur-
face alloying, surface diffusion, epitaxial growth, and self-
assembled domain patterns.l’2 Macroscale structures have
been used to measure crystal response,3 vertical deflections
of AT-cut quartz plates,4 and to characterize thin-film prop-
erties of sputter deposited thin films.> More recently, micro-
fabricated silicon and silicon nitride cantilever beams have
been used to measure the change in differential surface stress
induced by adsorption of biological materials on functional-
ized beam surfaces®™® and alkanethiols on Au(111) coated
beams.”'? Surface stress sensing of conformational changes
of biomolecules selectively bound to a receptor layer may
provide a viable alternative to resonant based techniques,
such as quartz crystal microbalances and resonant cantilever
beams,">™" for label-free biosensing. The surface stress sens-
ing mechanism is fundamentally different than resonant mass
sensing, where the latter detect a change in resonant fre-
quency due to adsorption on the resonator. The detection
resolution of the resonant mass sensors is typically reduced
in a liquid medium due to the reduction of the resonator
quality factor caused by increased viscous damping by the
liquid. Techniques have been developed to ameliorate this
problem,m’17 however, with increased complexity to the sen-
sor. Surface stress sensors detect low frequency deflection
changes of mechanical structures due to differential surface
stress changes of a sensing surface. Therefore, the resolution
of the surface stress sensors is minimally affected by viscous
damping. Many questions still remain regarding the repeat-
ability of surface stress sensing for different ligand-ligate
systems and solution environments.

A mathematical description of surface stress has been
previously defined as o, =07+ ayl o"sij,lg’lg where o
(Nm™) is the surface stresjs, vy (I m™) is the surface free
energy, and e the strain. Tensor quantities can be represented
as scalar quantities for surfaces with threefold, or larger, lat-
tice symmetry [Au(111) has a threefold lattice symmetry]. In
thin samples, surface stress can produce measurable elastic
bending, such as the bending of the gold coated silicon plates
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due to the adsorption of an alkanethiol, presented in this
letter.

From elasticity theory, the following assumptions are
used in deriving small plate deflections due to a uniform
axial surface stress: (a) the plate material is homogeneous
with uniform thickness 7, (b) t<<d/10, where d is the plate
diameter, (c) the maximum deflection w,, <t/ 2,221 and (d)
large deflection shearing forces Q, and body forces not con-
sidered. Figures 1(a) and 1(b) show dimensions, forces, and
moments. Assuming uniform axial stress on the plate surface
o # o, a differential surface stress o,=078(z—1/2)-0, 8z
+t/2),£2 where & is the Dirac-delta function, has the effect of
generating a stress couple of radial flexure bending moment
M, shown in Fig. 1(c). This is equivalent to applying a force
F at the plate neutral surface n thus generating M at the
clamped boundary such that the resultant force and moment
on the edge are equal to zero. The bending moments are
opposed by bulk moments of the plate represented as the
plate flexural rigidity D. Since this approximation accurately
predicts plate bending behavior away from the boundary
areas,” the deflections are measured at the plate center
(r=0).

The total plate deflection w,, has two terms: one term
due to an initial deflection wg, and an additional term Aw due

Yo o
P ' - > F= g,
—_— - - el ettt -~
\Senslng 1 s
(b) suiface

—-w(r)

FIG. 1. (a) Dimensions and forces, (b) plate bending due to o, (compressive
in this case), (c) o, generates a bending couple M, and (d) shear force Q,
generated by large displacements.
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FIG. 2. (a) Device cross section used for optical interferometry measure-
ments, (b) plate deflection profiles from line A-B, and (c) scanning electron
microscopy of exposed sensing surface before Ti/Au sputtering.

to the radial surface force induced by the adsorption on the
sensing surface. In practice, suspended silicon plates are
rarely perfectly flat for a variety of reasons including imper-
fections of the silicon layer, a thin stressed film or adsorbed
species on the plate surface, or deflections due to gravity. All
suspended plates fabricated to date have initial plate bendln%
due primarily to the residual stress in the nucleation layer.

Since wg is much larger than Aw (ws~ 10X Aw), then w;y
must be considered when calculating the change in differen-
tial surface stress Ao,. For a circular plate with clamped
edges, the initial deflection is w;(r)=ws(1-r*/a?)?, 2% Where
a is the plate radius and w s is the maximum initial deflection
(at r=0). The total deflection due to the combined effects
of initial bending and a compressive surface stress
is w(r)=[32ws/ (Ba)*I[(Jo(Br)=Jo(Ba))/(Ba)J (Ba)~(1/2)
(1-r2/a*)]*" where J, and J, are Bessel functions of the
first kind, B*=0,/D, D=E(1-1%)"'*/12, E the elasticity
modulus, and v the Poisson ratio. The change in differential
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+4Aw))1/2w;1),28 where ws<0, y=D/a?, and Ao,=(0,),, ;
— (o)~ assuming ((r;)t_f ()= For applications such as
label-free biosensing, the precise calculation of the binding
induced surface stress change may not be necessary; how-
ever, choosing a receptor layer with the appropriate func-
tional group that generates a large change in surface stress
upon binding is essential to maximize the signal-to-noise
ratio.

Microfabricated suspended silicon plates are used to
demonstrate the bending behavior induced by the vapor
phase chemisorption of the alkanethiol monolayers, shown in
Fig. 2(a). Structures were fabricated using a conventional
surface micromachining process,29 requiring two contact li-
thography steps. First, the device layer of the silicon-on-
insulator substrate is defined and reactive-ion etched defining
the sensing plate. The back of the substrate is patterned with
holes aligned to the sensing plate, and the silicon substrate
removed using a reactive-ion etch step. The plate radius is
reduced due to an 87° sidewall slope following the substrate
etch step. The remaining oxide layer is removed in a 3:1
HF:H,O0 solution.

Self-assembling alkanethiol monolayers on Au(111)
nucleation layers are used for plate bending characterization.
Alkanethiols are highly ordered and stable molecular mono-
layers that organize on gold surfaces.’** The high affinity
of thiols for gold surfaces provides an attractive medium to
generate well-defined organic surfaces with a wide range of
chemical functionalities displayed at the sensing interface.
The bottom side of the silicon plates is sputtered coated with
a 30 nm Au nucleation 1ag/er (with 8 nm Ti adhesion layer),
and x-ray diffraction data™ are shown in Fig. 3(a). Immedi-
ately following gold deposition, the initial deflections of the
suspended silicon plates are measured, across line A-B from
Fig. 2(b), before exposure to alkanethiol vapor. Figure 3(b)
shows an example of the preexposure plate deflection with
average center deflection (ws)=-361 nm from a total of 31
preexposure measurements recorded in 10 s intervals; each
measurement is a five-scan average. Surface images mea-
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FIG. 3. (a) X-ray diffraction scan
30 nm sputtered Au layer (with 8 nm
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sured with a phase scanning interferometric optical profilo-
meter (\=631 nm; 20X objective; Wyko, model: RST Plus).
The plate surfaces are then exposed to vapor phase (as re-
ceived) 1-dodecanethiol [CH;—(CH,);,—SH, =98% Aldrich
No. 471364] from a large reservoir of liquid solution
~400 wl, for 300 s. Figure 3(c) shows the plate deflection
change at three different measurement times =0, 200, and
300 s, each recorded in 10 s and a five-scan average. The
increased deflection in the —Z direction indicates a compres-
sive differential surface stress. The saturated center deflec-
tion is Aw=-33 nm, consistent with measurements on dif-
ferent structures. The calculated saturated surface stress of
the chemisorbed 1-dodecanethiol monolayer is Aoy,
=-0.72+0.02 Nm~!, larger than —0.2 Nm~' reported by
Berger et al.,'® but close to —0.52+0.01 N m™! reported by
Godin et al.'* The compressive surface stress change indi-
cates that the Au(111) surface free energy has been reduced
through the chemisorption of the methyl-terminated al-
kanethiol. Figure 3(d) shows the variation of the surface
stress induced plate deflection with different initial plate de-
flections, demonstrating the dependence of Aw on different
values of w.

The microfabricated surface stress plate sensors pre-
sented here are advantageous compared to cantilever beam
structures in two important ways. (a) Plate structures are
more rigid than beams with effective spring constants in the
range of 50—100 N m~! and therefore can be easily function-
alized and probed using commercially available printing
techniques. (b) The detection surface is physically isolated
from the sensing surface and therefore can be easily adapted
to other readout techniques in liquid solutions, such as a
differential capacitance synchronous demodulation technique
with reported displacement measurement resolution
~210 fm (1 Hz bandwidth).** Although the ratio of deflec-
tion to surface stress (7=Aw/Aa,) for cantilever beams is
typically larger than the plate structures by a factor of
~10-100%,™ the electronic displacement detection resolu-
tion exceeds that of reported optical detection techniques%’37
by ~10-100%,*® suggesting that the plate structures with
electronic readout are as sensitive as the cantilever beam-
optical readout systems.
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