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A dielectric nanorod structure is used to enhance the label-free detection sensitivity of a
vertically-emitting distributed feedback laser biosensor (DFBLB). The device is comprised of a
replica molded plastic grating that is subsequently coated with a dye-doped polymer layer and a
TiO, nanorod layer produced by the glancing angle deposition technique. The DFBLB emission
wavelength is modulated by the adsorption of biomolecules, whose greater dielectric permittivity
with respect to the surrounding liquid media will increase the laser wavelength in proportion to the
density of surface-adsorbed biomaterial. The nanorod layer provides greater surface area than a solid
dielectric thin film, resulting in the ability to incorporate a greater number of molecules. The
detection of a monolayer of protein polymer poly (Lys, Phe) is used to demonstrate that a 90 nm
TiO, nanorod structure improves the detection sensitivity by a factor of 6.6 compared to an identical
sensor with a nonporous TiO, surface. © 2010 American Institute of Physics.

[doi:10.1063/1.3394259]

Label-free optical biosensors based upon detection of
transmitted or reflected spectra from passive optical resona-
tors have found many applications in life science research,
environmental monitoring, quality control testing, pharma-
ceutical drug discovery, and diagnostic testing.l_4 Resonant
optical structures such as photonic crystal surfaces," silicon
oxide ring resonators,” thin-walled glass capillaries,é’8 and
microtoroids’ generally detect resonant wavelength shift due
to the interaction between captured target molecules and the
evanescent electric field of the resonant modes, where the
amount of wavelength shift is proportional to the density of
immobilized biomaterial on the sensor surface. Such sensors
are designed to have extremely smooth surfaces to minimize
optical losses due to scattering in order to maintain a high
Q-factor for wavelength resolution. Recently, optical biosen-
sors based upon distributed feedback (DFB) lasers fabricated
upon plastic surfaces have been demonstrated as active opti-
cal resonators that obtain high Q-factor through the process
of stimulated emission. Operating with single mode, narrow
linewidth emission,'*'® DFB laser biosensors (DFBLBs) are
simultaneously capable of high sensitivity and a high degree
of resolution. In previous work, we have demonstrated DF-
BLBs that incorporate a thin solid film of TiO, as the upper-
most surface, where a 40-80 nm thick layer of TiO, serves
to bias the resonant mode to reside more fully within the
liquid media in contact with the DFBLB surface, thus pro-
viding a strong dependency of the emission wavelength on
the density of adsorbed biomolecules.'®

Here, we demonstrate that a nanostructured TiO, layer
may be used in place of a thin solid film of TiO,. We show
that the use of the nanostructured film results in a three-
dimensional volume overlap between the DFBLB resonant
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mode and the region where biomolecule adsorption can oc-
cur. This modification in device design results in a 6.6X
increase in detection sensitivity, while at the same time main-
taining a narrow spectral output, with cavity quality factor
Q=25 and 600. The TiO, nanorod structure was deposited
by e-beam evaporation using the glancing angle deposition
(GLAD) method in which the incident material flux is pro-
vided at an oblique angle to the device surface.!”™"

As shown in Fig. 1, the DFBLB structure is comprised
of a low refractive index ultraviolet curable polymer (UVCP)
grating (n=1.38, period=400 nm, and depth=160 nm) that
is overcoated with a thin film of SU-8 (5.0 wt %; Micro-
chem, n=1.58 and =400 nm) that is doped with a laser dye
(Rhomamine 590, Exciton) as described in previous work.'®
The grating structure is fabricated using nanoreplica molding
using a silicon wafer with a negative image of the DFBLB
grating structure as a template. A small volume (~1 ml) of
liquid UVCP is spread between the silicon template wafer
and a flexible sheet of polyester film with a cylindrical roller,

FIG. 1. (Color online) Cross-sectional diagram of the DFBLB structure (not
to scale). The period and depth of the grating structure are 400 nm and 160
nm, respectively. The sensor surface was coated with TiO, nanorod film
with thickness of 90 nm. A top-view SEM image of the nanorod coated
sensor is also shown.
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FIG. 2. (Color online) Electric field intensity profile for a DFBLB with a
30 nm TiO, nanorod film.

enabling the liquid polymer to fill the silicon grating surface.
The polymer film is cured to a solid with exposure to a high
intensity ultraviolet lamp (Xenon) for ~90 s, and the result-
ing grating structure is peeled away from the silicon wafer,
resulting in ~12X9 cm? DFBLB continuous grating sur-
faces. The polymer grating structure was treated by oxygen
plasma for 50 s to improve the adhesion of the SU-8/dye
layer, which is applied by spin coating (4000 rpm and 35 s).
The SU-8/dye layer provides optical gain while at the same
time providing vertical light confinement and horizontal
feedback.

The TiO, nanorod layer is deposited on top of the
SU-8/dye layer by the GLAD technique. All GLADs were
performed at a base pressure of 3.0 X 107% Torr and deposi-
tion rate of 7.2 A/s. A scanning electron microscope (SEM)
image of a GLAD TiO, film deposited upon a DFBLB is
shown in Fig. 1. A steady-state electric-field intensity cross-
section profile at resonance was calculated using rigorous
coupled-wave analysis (RCWA) for a device with a 30 nm
TiO, nanorod coating, as shown in Fig. 2. The superstrate
was water (n=1.33) and an effective refractive index of n
=1.82 was used for the TiO, nanorod layer when immersed
in water. The polarization of the calculated electrical field is
parallel to the grating (TE polarization). The TE polarization
is selected because the fundamental lasing mode is TE,
mode. When the thickness of the TiO, nanorod layer is in-
creased, the electromagnetic field distribution is altered, but
only very slightly because the thickness of the TiO, nanorod
layer (22 nm<t<<90 nm), is a small perturbation of the
structure when compared to the dye doped SU-8 layer
(t~400 nm).*°

As shown in Fig. 3, the DFBLB was pumped by a 10 ns
Q-switched Nd:yttrium aluminum garnet (YAG) laser pulses
at A=532 nm. The pump light first goes through a spatial
filter, and then is expanded and focused onto the sensor
through a 20X microscope objective (f=9 mm) placed be-
neath the senor. The laser emission is collected with an op-
tical fiber (diameter=0.5 mm) and delivered to a charge-
coupled device based spectrometer with 0.0125 nm
resolution (Horiba Jobin Yvon iHR550). The DFB cavity
demonstrated in this letter is based on a second order Bragg
grating that supports a vertically emitting mode by first-order
diffraction. Lasing occurs at the one band edge near the
Bragg resonance, determined by the equation mhgp,,,
=2n.4A, where m=2 is the order of diffraction, n.y is the
effective refractive index of the resonant mode, and A is the
grating period. The diameter of the excitation spot is
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FIG. 3. (Color online) Schematic of the biosensor detection instrument
setup.

~100 wm. During the DFB laser operation (<10 ns per
pulse), the local temperature variation caused by light ab-
sorption is negligible using a pumping rate of 4 Hz and a
pumping fluence of 25 wJ/mm?. Assuming that ~15% of
the pump energy is absorbed by the laser, the time averaged
pumping power absorbed by sensor chip is only
15 wW/mm?, and the actual optical power converted to
thermal power is even lower than this value. Therefore, the
pumping laser-induced heating effects are negligible.

The DFBLB sheet is attached to a bottomless 96-well
microplate with adhesive, so the DFBLB forms the entire
bottom surface of each 6.7 mm diameter microplate well.
The biosensor microplate is held in a fixture that is attached
to an x-y motion stage, which enables computer-programmed
excitation of a precise location on the DFB surface. Within a
single microplate well, the excitation laser separately probes
75 independent locations in an x-y rectangular grid with
400 pm spacing to compute the average PWV. Gathering
the 75 measurements takes ~60 s.

Figure 4 shows the laser emission spectrum of a DFBLB
with a =90 nm nanorod coating and with sensor surface
immersed in water. The observed lasing wavelength is at A
=602.4513 nm and the full width half maximum (FWHM)
is AN~0.0235 nm, corresponding to a Q factor of 25 600.
Here, both peak wavelength value (PWV) and FWHM of the
emission spectrum are obtained by fitting the discrete mea-
surements from the spectrometer with a Lorentzian model,
enabling a peak fitting algorithm to obtain PWV shift reso-
lution lower than the spectrometer resolution. The inset of
Fig. 4 shows the dependence of the laser emission wave-
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FIG. 4. (Color online) DFB laser emission profile. The sensor was coated
with 90 nm TiO, nanorod film and immersed in DI water. Inset shows the
redshift in PWV due to increased TiQ, nanorod thickress.
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FIG. 5. (Color online) Dynamic detection of adsorption of a polymer protein
self-limiting monolayer for nonporous TiO, film coated and porous TiO,
nanorod coated sensors.

length as a function of nanorod thickness. The TiO, nanorod
layer causes the PWV to shift to longer wavelength. Mean-
while, the linewidth of the emission spectrum remains as
narrow as the DFB structure without a nanorod TiO, film
coating. This indicates that the nanorods, with feature size
far below the resonant wavelength of A ~600 nm, do not
cause scattering or absorption that results in a measurable
effect other than the addition of material with higher dielec-
tric permittivity than water.

To demonstrate the sensitivity enhancement resulting
from the TiO, nanorod layer, sensitivity to surface mass ad-
sorption was characterized. Sensors with either a 30 nm solid
TiO, film or nanorod TiO, films of 22, 30, 67, and 90 nm
were prepared. All the sensors were coated with a single
monolayer of protein using the following protocol. First, the
sensors were exposed to a phosphate buffered saline (PBS)
solution for 10 min, after which a baseline PWV measure-
ment was taken from each biosensor microplate well, as de-
scribed above. Next, the PBS solution was removed by pi-
pette and the wells were refilled with 1 mg/ml solution of the
protein polymer poly (Lys, Phe) (PPL, Sigma-Aldrich). In
previous research, PPL has been demonstrated to form a self-
limiting single monolayer coating upon dielectric surfaces.'”
PPL molecules have a molecular weight of 35 400 Da and a
linear chain structure, and are therefore expected to penetrate
the TiO, nanorod layer and to result in binding that is pro-
portional to the available exposed surface area. Previous
characterization of PPL films estimated that the film thick-
ness is ~15 nm with a refractive index of ~1.45.'"" The PPL
solution was incubated with the sensor surfaces for 48 min,
after which the PPL solution was removed and the sensor
surface was rinsed with PBS solution three times to remove
any PPL that was not firmly attached. With PBS solution in
the biosensor microplate wells, a second set of PWV mea-
surements were gathered. Each active biosensor microplate
well exposed to PPL was accompanied by a reference well
that was not exposed to PPL, in order to compensate for any
possible common mode experimental artifacts during the
PPL incubation step. The PWV shift reported in Fig. 5 rep-
resents the wavelength shift difference between the active
sensor and its reference. Overall, the reference sensor sup-
plied very little correction, as no reference sensor had a shift
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in greater than 0.0283 nm during the incubation step. Our
results show that thicker TiO, nanorod films result in greater
PWYV shift for adsorption of PPL, and the thickest nanorod
layer (90 nm) results in a 6.6X enhancement in surface sen-
sitivity. Importantly, as shown by the kinetic binding plots in
Fig. 5, the 90 nm nanorod film does not appear to substan-
tially limit the rate of monolayer adsorption, as the nanorod
spacings are large enough to enable PPL molecules to enter
without an evident diffusion limitation. Because the DFB
lasing mode is predicted by RCWA models (not shown) to
extend only ~100 nm into the nanorod layer, thicknesses of
this magnitude are expected to optimize the PWV shift.
Greater thickness of the nanorod layer will increase the
available surface area, but at a cost of more difficult diffu-
sion of molecules to the regions closest to the SU-8 upper
surface, where interaction between adsorbed molecules and
the resonant mode electric field is greatest.
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