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Abstract

On-chip integration of plasmonics and electronics can benefit broad applications in
biosensing, signal processing, and optoelectronics. A key requirement is a chip-scale
manufacturing method. Here we demonstrate a split-trench resonator platform that
combines a high-quality-factor resonant plasmonic biosensor with radiofrequency (RF)
nanogap tweezers. The split-trench resonator can simultaneously serve as a dielec-
trophoretic trap and a nanoplasmonic sensor. Trapping is accomplished by applying a
radio-frequency electrical bias across a 10-nm gap, thereby either attracting or repelling
analytes. Trapped analytes are detected in a label-free manner using refractive-index
sensing, enabled by interference between surface-plasmon standing waves in the trench
and light transmitted through the gap. This active sample concentration mechanism
enables detection of nanoparticles and proteins at a concentration as low as 10 pM. We
can manufacture centimeter-long split-trench resonators with high throughput via pho-
tolithography and atomic layer deposition, toward practical applications in biosensing,

spectroscopy, and optoelectronics.
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On-chip integration of sub-wavelength optics with electronics is a key theme in the field of
plasmonics. 1 Metal slits with a nanometer-scale separation can be engineered to function
as both plasmonic resonators and nanoelectrodes. Resonant interaction of light with surface-
plasmon waves in a nanometer-scale slit can lead to highly concentrated optical fields within
the slit.*'® While an isolated nanoslit by itself cannot couple light efficiently and create
strong resonances in the visible or near-infrared regime, researchers have demonstrated ways

4 a grating-coupled slit, ! or a

to enhance light transmission by using periodic slit arrays,?
cavity-coupled slit. ! !® Related structures utilizing a metal wedge'® or a buried slit® have
shown resonances with high quality factors, ). While these reflector-coupled plasmonic
resonators show promise, all of the aforementioned structures were made using focused-ion-
beam (FIB) milling, a slow, serial process that does not enable fabrication of the large-scale
chips that are needed for practical applications. Furthermore, sub-10-nm slits, which are

20,21

desirable for tight confinement of electromagnetic fields, cannot be easily milled with

FIB.?%

In addition to concentrating optical fields, narrow metallic slits can concentrate radio-
frequency (RF) fields produced by electrically biasing the gap, producing strong field gra-
dients analogous to the fringe field of a parallel-plate capacitor. These high-gradient fringe
fields, in turn, can be used for dielectrophoretic trapping.?*?* The phenomenon of dielec-
trophoresis (DEP) is an RF analog of the optical trapping process, i.e., a movement of a
polarizable particle in a spatially non-uniform electric field. The forces that move the parti-
cle originate from a net polarization induced by the difference in conductivity and dielectric
permittivity between the particle and its surrounding medium.?® The magnitude and direc-
tion of the DEP force acting on a particle are controllable with both the amplitude and

frequency of AC voltage applied to the electrodes.?

Importantly, DEP is a scalable technique that can be naturally integrated with nanoplas-

monics, since noble-metal plasmonic devices such as nano-apertures, slits, and sharp tips



can also act as electrodes for generating high-gradient fields for DEP. Indeed, DEP has been
combined with plasmonic sensors in recent works, including nanohole DEP-enhanced sens-

: 26-28

ing and Raman spectroscopy. 2?31

Recent work used gold nanogap structures for DEP
trapping of nanoparticles and combined fluorescence imaging,? but integrated real-time SPR
sensing was not possible in such gaps, since an isolated slit generally does not possess dis-
tinct plasmonic resonances. In order to combine a nanoplasmonic sensing capability with
the RF trapping capability of the nanoslit, it is necessary both to engingeer the plasmonic
resonances of the structure and to develop a robust process for fabrication of nanogaps that

can withstand relatively high bias voltages (~5V) without breakdown.

In this work, we demonstrate a practical approach to mass-produce centimeter-long plas-
monic trench resonators fed by a sub-10-nm slit that can also be electrically biased. Our
high-throughput fabrication scheme requires only photolithography and atomic layer depo-
sition (ALD) to define trench resonators with sub-10-nm slits. We optimize the interaction
of plasmon resonances in the trench with direct optical transmission through the nanogap
to obtain a high-Q transmission peak, which is used for real-time biosensing. The slit within
the trench resonator also enables DEP-enhanced trapping of analytes, allowing for dynamic

plasmonic biosensing of nanoparticles and protein molecules at concentrations as low as 10

pM.

Results and discussion

Split-trench resonator. In our device structure, shown in Figure 1(a), light traversing
upwards through the slit is diffracted into two different radiation channels: free-space modes
are radiated to the far field, while evanescent surface-plasmon (SPP) modes launched by the
nanoslit propagate along the metal surface. These SPP modes travel toward the sidewalls of
the trench resonator, reflect back, and interfere with light directly transmitted through the

nanoslit. The result is a standing-wave pattern that can be analytically described using a



simple interferometric approximation. 732734 A traveling SPP wave experiences a total round

trip phase delay,
2T

0 =2 x L+ ¢y, (1)

SPP

with respect to the light transmitted directly through the nanogap, where ¢, is the phase

shift from plasmon reflection, Agpp = )\0\/ (€4 + €m)/(€4€m) is the wavelength of the SPP,
and L is the distance between the slit and the sidewall. Interference occurs when the total

phase delay is a multiple of 7, such that # = nm, where the integer n is the diffraction order.

The total power radiated to the far field is obtained from the integration of the vertical
component of the time-averaged Poynting vector, S, = —Re[E,H}]/2. For a given mode,
the z-component of the magnetic field is proportional to the x-component of the electric field,
.e., H, = Y, E,, where Y}, is the modal admittance. Modeling the light transmitted through
our structures thus requires consideration only of E, for a particular mode. Assuming perfect
electric conductor (PEC) sidewalls, which is a good approximation when L is much larger
than the metal skin depth, gives £, = 0 at the sidewalls; Maxwell’s equation V - E = 0 then
requires that F, have a maximum at the sidewalls, corresponding to ¢, = 0. The resulting
standing waves are cosine functions with an integer number of half-wavelengths along the

length 2L. From Eq. 1, we thus have for F,

A
oL = Szp”n, withn =1,2,3,..., (2)




(a) Plasmonic trench resonator
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Figure 1: Split-trench resonator architecture and optical response. (a) The res-
onator consisting of a metal film, a feed gap, and sidewall mirrors. In the trench, surface
plasmon waves excited by illuminating the sub-wavelength slit feed cavity resonances and
create plasmonic standing waves. Calculated optical transmission spectra show complex res-
onances formed by the interference between surface-plasmon modes inside the trench and
light transmitted directly through the slit. (b-c) Dispersion maps for trench resonators with
(b) 200-nm gaps and (c¢) 10-nm gaps drilled in 130-nm thick gold films. White dashed lines
indicate the constructive condition of the in-plane component of the eletric field, F,, for even
diffraction orders, n (see Eq. 2), and black dashed lines represent the destructive condition
for odd orders. (d) Transmission spectra, simulated using the finite-difference time-domain
(FDTD) method, for trench resonators of width W = 3.4 um with increasing gap sizes. (e,f)
E, at difraction orders (d) n =9 and (e) n = 8 in the trench resonator with a 2000-nm gap.
(g,h) E, at the same diffraction orders but with a 10-nm gap.

When the feed gap is centered at the cavity of width W = 2L, constructive (destructive)
interference at the gap position occurs for even (odd) values of n in Eq. (2). Figure 1
compares the dispersion characteristics simulated for a trench resonator fed by (b) 200-nm

and (c) 10-nm gaps with the interference condition of Eq. (2). Constructive interference given
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by even values of n in Eq. (2) fit well with transmission dips simulated by finite-difference
time-domain (FDTD) modeling (white dash-dotted line), while destructive interference given

by odd values of n fit well with transmission peaks (black dashed line).

However, secondary peaks are found between the two interference conditions. Moreover, this
simple interferometric analysis seems no longer valid for the trench resonator with a 10-nm
slit in Figure 1(c), for which transmission peaks as well as dips occur along with the con-
structive interference condition. To understand the cause of this deviation, we investigated
the transmission spectra while sequentially reducing the gap size from 200 nm to 10 nm for
a fixed trench width of W=3.4 ym in a spectral window where diffraction orders n=8, 9,
and 10 can be excited. As shown in Figure 1(d), the dip position does not shift, but rather

transforms from a dip into an asymmetric peak with decreasing gap size.3> 3"

Such spectral features may be understood by taking into account the coupling of vertical
Fabry-Perot (FP) modes inside the slit? and lateral SPP cavity modes in the trench.'® The
FP modes present here are similar to those found in single slits by themselves: they are
characterized by broad transmission peaks, whose spectral linewidth decreases when the gap
size is reduced, as illustrated in Figure 1(d). When the vertical FP modes couple to lateral
SPP cavity resonances in the trenches, hybrid modes are formed, with narrow resonances

having characteristic asymmetric Fano lineshapes.3%40:4!

The E,-field profiles provide further information about the coupling of FP and SPP res-
onances. The coupling of each mode in the slit with each of the standing waves in the
trench can be quantified by the overlap integral of their respective E, components. For the
sub-wavelength apertures considered in this work, we can assume that only the fundamental
transverse mode with constant amplitude along the aperture width is excited inside the slit.
A qualitative understanding of the FP-SPP coupling can thus be obtained by examination
of the electric-field map for this mode and the field map for the SPP mode with the same

resonance wavelength.



Figure 1(e)-(h) show FDTD-simulated E, fields at both destructive (n =9 at A = 782 nm)
and constructive (n = 8 at A = 873 nm) interference conditions for gap widths G = 10
nm and G = 200 nm. When n = 9 half wavelengths are accommodated in the trench,
E. becomes asymmetric with respect to the slit center, resulting in small overlap between
the SPP and FP modes (the overlap is equal to zero for ideal PEC walls in both trench and
gap). The small coupling prevents the excitation of odd diffraction orders by the fundamental
mode of the gap. In fact, the E, field profiles at A = 782 nm depicted in Figures 1(e) and
(g) for the 200 nn and 10 nm gap, respectively, resemble the radiation pattern of a single
slit without a cavity, which is characterized by concentric semicircular wave fronts radiated
from the aperture. The radiation patterns are quite similar for both gap sizes despite the
different fields excited inside the two gaps. However, the resulting transmittance, reported

in Figurel(d), is much larger for the wider gap.

On the other hand, for even diffraction orders, the FP resonance of the slit couples with
cavity modes to form standing waves, evident as vertical fringes in Figures 1(f) and (h).
When the slit is 200 nm wide, the amplitude of the fringes is similar to the single slit case, as
the interaction with the cavity mode mainly produces additional fringes in the existing single
slit field profile. In this case, a new scattering channel is opened along the metal surface
which drastically reduces the intensity of the radiated light at the given wavelength, as shown
in Figurel(d), and the lost optical power is mainly absorbed by the metal. By contrast, when
the slit size is reduced down to 10 nm, weaker coupling with the cavity modes produces a
stronger stationary field profile with larger amplitude, inducing a sharp Fano transmission
peak, as shown in Figurel(d). A rigorous mathematical description of the electromagnetic

(EM) fields excited in the cavity can be found the SI.
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Figure 2: Tuning the Fano resonances.(a) Transmission spectra, simulated using the
finite-difference time-domain method, for trench resonators with slits at different positions,
from 0 nm to 200 nm, relative to the center. (b,c) Spatial distributions of the FE, field
component in the corresponding trench resonators for wavelengths of (b) 782 nm (n = 9)
and (c) 873 nm (n = 8). Column (b) shows the appearance of a forbidden mode at the
destructive-interference condition when the geometrical symmetry is broken. Column (c)
shows the extinction of a resonance peak at the constructive-interference condition as the
nanogap moves to the right.

Tuning the Fano resonances. Computer simulations, shown in Figure 2, illustrate how
the Fano resonances evolve as a function of the slit position relative to the center of the
trench resonator. When the slit is in the center of the trench, a transmission peak for the
10-nm gap is observed at 873 nm where the constructive condition for n = 8 is met, whereas
there is no transmission peak at the destructive condition (n = 9, A = 782 nm). However, as
the nanogap position shifts to the right, the suppressed mode at the destructive condition
starts to be excited, while the Fano resonance at the constructive condition simultaneously

begins to decrease. This can be understood as being due to increased overlap of the FP



mode with the even mode as the slit moves off center and decreased overlap with the odd

mode, as illustrated by the corresponding field maps in Figure 2(b-c).

We note that both peaks can be excited simultaneously and that the linewidth of the Fano
resonances can be made much narrower than conventional surface-plasmon resonances by

36,38

engineering the interfereence effect and the structural symmetry The narrower linewidth

provides higher a higher figure of merit in refractive-index sensing applications.?37:3%42 To-
gether with the ability of the slits to concentrate analytes through DEP, the Fano resonances

thus enable the split-trench resonators to serve as sensitive molecular sensors.

Scalable fabrication via atomic layer lithography. The main objective in designing
our trench resonator is to shrink the gap size towards 10 nm to create strong DEP trapping
forces at low bias voltages while maintaining a narrow resonance peak that can be measured
with a high signal-to-noise ratio. To obtain sufficiently high photon counts for real-time SPR
sensing with transmitted light through such a narrow gap, the gap and integrated reflectors
should be made very long in the orthogonal direction. It is not trivial to directly pattern
a 10-nm gap at the wafer scale using conventional FIB or electron-beam lithography. In
contrast, our ALD-based approach (in Figure 3) decouples the gap patterning resolution
from the gap length and density. We can thus readily produce a 10-nm gap with 1-pm-tall

sidewall mirrors extending over 1 cm.

The fabrication process is illustrated in Figure 3 (a-b). First, photolithography (using MA-6
mask aligner), metal deposition, and lift-off are used to create an array of Au rectangles
(130 nm thickness and 1 cm by 0.1 cm side lengths). After coating a 10-nm-thick Al,Oj
ALD layer on the top surface and sidewalls of the Au rectangles, another Au layer (120 nm
thickness) is directionally evaporated (Figure 3a). The portion of the second Au layer sitting
atop the first Au pattern is then peeled off using adhesive tape (3M Scotch Magic tape),
creating an array of centimeter-long and 10-nm-wide nanogap structures filled with Al,O3.

Next, the long nanogap is divided into multiple devices using photolithography and blanket

10



(a) Fabrication of a centimeter-long nanogap using atomic layer lithography
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(b) Electrode patterning and formation of trench sidewalls
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Figure 3: Device fabrication via atomic layer lithography.(a) High-throughput batch
fabrication of centimeter-long arrays of trench resonators using atomic layer deposition and
photolithography. (b) Patterning a single nanogap structure and integration of sidewalls.
(c) Optical-microscope image of a chip including multiple trench resonators. (d) Top-down
scanning electron micrograph (SEM) of trench resonator. (e) Cross-sectional SEM of trench
resonator.

ion milling (Figure 3b), followed by another photolithography step that will eventually define
the sidewall mirrors. Ton milling is then performed to eliminate the Al;O3 coated on the first
Au layer, and then a 1-um-thick Ag evaporation and liftoff process is performed, completing
the device: electrodes split by a 10-nm feed gap in a Au film and 1-pm-tall Ag cavity walls.
Figure 3¢ shows an image of the chip with multiple trench nanogap resonators. As shown
in scanning electron micrograph (SEM) images (Figures 3d and e), a 10-nm Al,O3-filled

nanogap is situated in the trench whose width and height are 3.4 ym and 1 pm, respectively.
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Optical characterization. We measured the optical transmission spectra of the trench
resonators immersed in water. Based on the analysis shown in Fig. 2, we made devices with
various offset distances between the slit and the center of the trench resonator. We measured
the optical transmission spectra of these devices immersed in water, and we empirically chose
the optimal device that gave the highest transmission intensity and narrowest transmission
spectrum (Fig. 4(a)). The offset distance for this device was measured by SEM to be 1,450

nm, as shown in Figure 4b.

FDTD simulations were performed to identify the physical origin of the multiple resonance
peaks in the measured transmission spectrum. The contours of the fabricated device, such
as angled sidewalls and rounded top corners, were reflected in the modeling to improve
agreement with experimental results. As shown in Figure 4a, the FDTD results can accu-
rately model the frequency of each resonance peak, although the transmission intensity and
linewidth do not agree well. As shown in Figure 4d, the electric field at 770 nm (830 nm)
shows thirteen (twelve) fringes existing across the water-filled trench; the resonance peak at
770 nm thus arises from constructive interference (odd mode), and the resonance peak at

823 nm arises from destructive interference (even mode).

We used this device for bulk refractive-index (RI) sensing (Figure 4c), obatining a sensi-
tivity of 687 nm/RIU for both modes, comparable to previous results obtained from other
nanoplasmonic devices.?® Similar measurements with thin films gave a shift of 21 nm for a
20-nm-thick SiOy ALD coating. Although this refractive-index sensitivity lags behind con-
ventional prism-based surface-plasmon refractometers in terms of bulk RI sensitivity,* the
split-trench resonator offers a simpler optical illumination scheme combined with quicker
detection capabilities. Moreover, it can inherently be integrated with DEP concentration
and trapping of nanoparticles and biomolecules, enabling detection of analytes at low con-

centration in solution.

RF dielectrophoresis with electrically biased split-trench resonators. The advan-

12
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Figure 4: Optical characterization.(a) Optical transmission spectrum from an asymmet-
ric trench-resonator biosensor immersed in water. A computer-simulated spectrum (blue
solid line) is compared with the experimentally measured one (red). (b) SEM image of the
asymmetric trench nanogap resonator. The offset of the slit from the center of the trench
resonator is 1,450 nm. (c) Measurements of bulk refractive index sensitivity. (d) Simulated
electric field distributions for the asymmetric trench resonator in water at the wavelengths
of 770 nm (top) and 830 nm (bottom).

tages of the trench resonators, particularly their ability to simultaneously perform DEP

trapping, enable them to act as real-time plasmonic biosensors. Figure 5(a) conceptually

illustrates the operation of this device.

We find that the 10-nm-thick Al;O3 layer in the slit can withstand an applied voltage of up
to 5 V without breakdown. A voltage as low as 1 V across this gap creates an extremely
high electric field |E| of 107 V/m, thus boosting the electric field gradient and the DEP force

given by

13



Fppp(w) = men RV fou (w)]VIE[?, (3)

where R is the radius of a spherical particle, €, is the permittivity of the surrounding
medium, |F| is the magnitude of the electric field, and R[foa(w)] is the real component of
the frequency-dependent Clausius-Mossotti (CM) factor, given by

*

(W) — €, (w)

forl) = o) ¥ e @)

(4)

where €, and €, are the complex permittivities of the particle and the surrounding medium,
respectively. A positive CM factor results in a DEP force that attracts particles to the

nanogap, a negative foys(w) results in the repulsion of particles, as illustrated in Figure 5a.

For initial DEP trapping experiments, fluorescent polystyrene (PS) beads (190 nm diameter,
600 nm emission wavelength, Bangs Laboratories, Fishers, IN) were diluted 100-fold in DI
water. The motion of the PS beads was recorded at regular time intervals of 1 s using a
microscope with a Photometrics CoolSNAP HQ2 CCD camera and Mirco-Manager software.
The video clip of the DEP trapping process is included in the SI; snapshots are shown in
Figure 5(b).

Next, a DEP-enhanced real-time plasmonic sensing experiment was performed using these
190-nm PS beads (Figure 5c). After 50 s of idle time at zero bias, a 1-MHz RF bias was
applied across the slit, and the voltage peak-to-peak amplitude was increased by 0.1 V every
50 s. Trapping was first observed as a shift in the optical transmission spectrum through the
slit for a bias of 0.4 V, and trapping of additional beads was observed as successively larger
shifts as the voltage increased further. Next, the frequency was switched to 10 MHz, which
resulted in an abrupt drop in the spectral shift due to a negative DEP force (repulsion). One
cycle of positive and negative DEP was repeated before the voltage bias was removed at 700

s, and a steady baseline was maintained for 50 s.

14
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Figure 5: DEP-enhanced plasmonic sensing. (a) Conceptual illustration of DEP forces
attracting biomolecules towards an RF-biased slit (pDEP) or repelling them away (nDEP).
Overlaid is the simulated electric field of a 1 V bias applied across a 10-nm gap. The inset
contains a photograph of a six-device chip with PDMS microfluidics. (b) The real part of
the Clausius-Mossotti factor, R[fcar(w)], for suspended polystyrene (PS) beads (measured
conductivity: 0.28 mS/m) as a function of RF frequency. Side panels contain fluorescence
images of 190-nm PS beads attracted to (1 MHz) and repelled from (10 MHz) the nanogap.
(c) Optical transmission resonance shift as a function of applied voltage, (V,, from 0 to 1 V),
and time as 190-nm PS beads are trapped. (d) Same as (c), except with 30-nm PS beads. (e)
Spectral shift as bovine serum albumin molecules (10 pM concentration) are trapped with a
positive DEP bias of 5 V and 1 kHz frequency. After 5000 s, a 10 MHz frequency is applied,
and the DEP becomes negative.

Next, we experimented with 30 nm PS beads, where we observed the onset of trapping at 0.8
V (Figure 5d). By alternating the RF drive frequency between 1 MHz and 10 MHz, we can
switch between positive and negative DEP regimes, respectively, and observe sudden signal

drops.
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Finally, bovine serum albumin (BSA, Sigma-Aldrich) was used to demonstrate DEP-enhanced
plasmonic biosensing of low-concentration protein molecules (Figure 5e). BSA was dissolved
in water at a concentration of 10 pM. The solution was then injected into the microflu-
idic channel using a syringe pump at a flow rate of 50 pl/hr. Optical transmission spectra
through the trench resonator were recorded every 2 s. After 1,000 s idle time, an RF bias of
5V and a frequency of 1 kHz was switched on. The onset of trapping was observed at 1,500
s, and the spectral shift gradually saturated. At 5,000 s, the RF frequency was switched
to 10 MHz, corresponding to negative DEP, and the signal dropped. The spectral shift did
not return to the original baseline level after the negative DEP step, which is likely due
to nonspecific binding of BSA molecules on the surface. Using this data, we conclude the
trench resonator is capable of detecting 10 pM BSA molecules within 1,500 s via nanogap
DEP. With DEP concentration, the measured detection time, defined as the time it takes
to concentrate analytes and generate a signal 3x higher than the noise floor, was 20 min,

which is 23x faster than the diffusion-limited detection time.

Conclusions

We have presented theory, computational simulations, a scalable fabrication technique, sub-
volt DEP trapping, and refractive-index-based biosensing for trench resonators with sub-10
nm gaps. The combination of the narrow Fano resonance and the strong AC electric field cre-
ated across the 10-nm gap electrode enables rapid trapping of nanoparticles and biomolecules
and concurrent label-free detection. Furthermore, the DEP-enhanced plasmonic biosensor
can overcome diffusion-limited transport, significantly reducing the time of detection and

enabling the detection of analyte at a concentration as low as 10 pM.

A wide range of plasmon-enhanced diagnostic sensors*>? can benefit from this DEP-enhanced
analyte transport scheme. Our electrically biased split-trench resonator can also benefit ap-

plications in nanophotonics, optoelectronics, and signal processing applications.®® Since a
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large number of quantum emitters (e.g., quantum dots and nanodiamonds) can be trapped

at the centimeter-long nanogap, one can study strong light-matter interactions®' and elec-

52-56

trical carrier injection and electroluminescence using this platform.
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Methods

Device fabrication. Three mask layers were used to fabricate the resonant trench nanogap
electrodes. For the first lithography step, negative photoresist (NR71-1500P) was spin-
coated on a glass wafer at 5,000 rpm for 60 s. After a soft bake step at 150 °C for 60 s,
rectangular patterns (10 mm x 0.1 mm) were transferred onto the photoresist-coated wafer
via an MA-6 contact aligner with a dark-field Cr mask, followed by a post-exposure bake
at 100 °C for 60 s and a developing process using RD 6. The metal deposition (130 nm
Au with 5 nm Ti adhesion layer) via an electron-beam evaporator (Temescal) and lift-off
in a solvent (1165 remover) created the first Au rectangular hole patterns. The patterned
metal film was then conformally coated with a 10-nm-thick Al,O3 layer using ALD at 250
°C with a deposition rate of 1.1 A /cycle (Cambridge NanoTech Inc., Savannah). Next,
directional evaporation (Temescal) was used to deposit a second Au film with a thickness of
120 nm, filling the rectangular hole patterns in the first Au film. The portion of the second
Au film deposited atop the patterned first Au film was then removed using single-sided
3M Scotch Magic tape, which created vertically oriented AloO3 gaps in the two Au films
along the perimeter of the rectangular patterns. In the second lithography step, the positive
photoresist (S1813) was employed with a bright field Cr mask. The nanogap patterns were
spin-coated with photoresist at 5,000 rpm for 60 s. After a soft bake at 115 °C for 60, the
second layer patterns were transferred to the resist via an MA-6 contact aligner and developed
using a mixture of 351 Developer:H,O (1:5). An ion milling step (Intlvac) was then used
to pattern the 1-cm-long nanogap into three seperate 2-mm-long nanogap electrodes. In
the final photolithography step, positive photoresist (S1818) was used to build the trench
structure. The fabricated nanogap electrodes were spin-coated with resist at 2,000 rpm for
60 s and baked at 115 °C for another 60 s. The third layer patterns were created on top of
the nanogap electrodes after the exposure and developing processes, followed by evaporation
of 1-um-thick Ag using electron-beam evaporation (Temescal) and lift-off in solvent (1165

remover) to create a trench along the gap.
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Optical measurement of the split-trench resonator. Visible wavelength transmission
measurements of the trench resonator were performed by illuminating the structures with
a halogen lamp source through a condenser on an inverted microscope (Nikon, Ti-S), and
the transmitted light was collected using a 10x objective and imaged onto the 200-pm-wide
entrance slit of a 300 mm focal length imaging spectrometer (Acton SP2300i) equipped with
a CCD camera (Princeton, Pixis 400). Spectra were background-subtracted and normalized

using the spectrum for direct transmission through the glass substrate.

FDTD optical modeling. Lumerical FDTD software was employed for computational
modeling. Perfectly matched layer absorbing boundary conditions were chosen in the x and
y directions to absorb transmitted and reflected light from the structure. A plane wave
illuminated the split-trench structure from below at normal incidence. A mesh size of 1 nm

was used for resolving the 10 nm gap structure.

Microfluidic flow cell. For real-time kinetic measurements and DEP trapping experi-
ments, we fabricated microfluidic channels via polydimethylsiloxane (PDMS, Sylgard 184)
soft lithography. We grew a 20-nm SiO» layer on the metallic surface of trench resonator by
ALD. The surfaces of the SiO,-coated trench resonator and the PDMS channels were treated
in Oy plasma for 30 s and were bonded to form a flow cell. The chip was then placed on a

hot plate at 70 °C for 5 min to promote covalent PDMS-SiO, bonding.

Associated content

Supporting information

Semi-analytical description of the transmission spectra via a coupled-mode method (CMM).
Supplementary video file shows the process of dielectrophoretic manipulation of 190-nm-sized

polystyrene beads using the split-trench resonator device (5x real time).

This material is available free of charge via the Internet at http://pubs.acs.org
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