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In this paper, we present our investigations of the effects of vertical-sidewall roughness (VSR) on guided-
mode resonance (GMR) filters made of subwavelength grating for applications to ultrasensitive biosen-
sors operated under IR illumination. We designed the spectral FWHM of the grating filter to be as narrow
as possible in order to emphasize the sensitivity and VSR effects. Three types of VSR morphologies on the
grating—in terms of the correlation length & and the rms of the maximum roughness deviation c—were
considered and evaluated. Rigorous coupled-wave analysis was then implemented to quantify the shifts
in the reflective resonance peak wavelength value (PWV) of the grating filter. Our simulations show that
for specific £ values, the PWVs remain constant even if 6 becomes as large as 10 nm; this indicates dra-
matic bandgaplike stripes, which are similar to the bandgaps observed in the band diagrams of photonic
crystals in the £&—¢ diagram that we have proposed in this study. In other words, the effects of VSR on the
GMR biosensor performance are insignificant when ¢ is located at certain bands; therefore, this type of
roughness is highly tolerable even if the linewidth of the filter is decreased to only a few tens of

nanometers. © 2011 Optical Society of America
OCIS codes:

1. Introduction

In the last decade, considerable attention has been
focused on guided-mode resonance (GMR) applica-
tions to micro-optical elements such as polarizers,
filters, and dielectric mirrors [1]. Owing to the sim-
plicity of the geometrical structure, the fabrication of
GMR filters is relatively easier than that of conven-
tional filters in which multilayer stacking of thin-
film deposition is used. Magnusson and Ding
extended the principle of the GMR filter by reviewing
the “second stopband theory” and simplified it to a
one-layer subwavelength grating that can be more
easily diversified to become various diffractive opti-
cal elements, such as narrow bandpass polarized fil-
ters, narrow bandstop polarized filters, broadband
AR coatings [1,2], and broadband polarized mirrors
[3]. Cunningham et al. [4,5] utilized the characteris-
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tics of the ultranarrow band of GMR filters to detect
the interactions of 0.1 nm thick protein in which only
subnanometer shifts in the peak wavelength value
(PWV) can still be told apart. Wang et al. [6] experi-
mentally demonstrated that sensor resolutions of a
refractive index unit (RIU) are achievable up to
accuracies as high as 0.001 to 0.0001. Furthermore,
Lee et al. [7] designed a sensor in which shifts in the
PWV of 0.15 nm per percentage of relative humidity
(RH) can be measured when the RH varies from 20%
RH to 80% RH. In recent years, considerable atten-
tion has shifted to the applications of GMR filters to
biosensors because of their unique properties, such
as being label-free, high throughput, and compact in-
tegration. A comprehensive review of this subject has
been provided by Magnusson et al. [8].

The abovementioned subwavelength GMR sensors
are typically fabricated by using large-area optical
interference lithography, nanoimprint lithography,
and electron-beam lithography [8-10]. Among these
fabrication processes, large-area optical interference
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lithography is the most efficient method for imple-
menting commercialized mass production of biosen-
sors; however, it always introduces vertical-sidewall
roughness (VSR) that results from the standing-
wave exposure or etching processes, and, moreover,
the VSR does not scale down as the linewidth of the
grating shrinks [11]. Similarly, the line edge rough-
ness is also a critical issue in current semiconductor
processes, particularly when the linewidth is shrunk
to only a few tens of nanometers [12]. Although the
GMR grating mechanism is based on photons rather
than electrons, from the viewpoint of the ultrasensi-
tive characteristics of biosensors, the VSR may lead
to possible erroneous judgments. Therefore, care-
ful calibrations are necessary to guarantee the stabi-
lity, repeatability, and reproducibility of biosensors.
Although numerous researches have explored the
effects of roughness on semiconductor fabrication,
studies on subwavelength GMR ultrasensitive bio-
sensors are relatively few because of the complicated
boundary conditions of the three-dimensional (3D)
morphology of the roughness in electromagnetic
scattering problems. Schuster et al. [13] developed
a field-stitching method to simplify the complicated
boundary conditions of the roughness on the nanos-
cale grating to accelerate the computing speed, while
Bergner et al. [14] developed an effective medium
theory to reduce the 3D line edge roughness to two-
dimensional (2D) problems and thereby avoided ex-
tensive computations. Talneau et al. [15] explored
the impact of imperfections due to electron-beam
lithography on the performances of 2D GMR filters
and found that 2.5 nm electron-beam writing resolu-
tions (fabrication errors) are still tolerable. Further,
Poutous et al. [16] reported the results of simulations
and fabrications of GMR filters with correlations to
lithographic variability, e.g., photoresist exposure
dosage and etching depth. Therefore, Schuster and
Bergner have only dealt with the line edge roughness
on common gratings that are unrelated to GMR
gratings, while Talneau and Poutous have merely in-
vestigated fabrication errors in GMR filters without
mentioning roughness issues. Prasad et al. [17]
showed that GMR filters are very tolerant to irregu-
larities and interface roughness, but they concen-
trated only on roughness of the ym scale. Thus far, to
our knowledge, the effects of the VSR on GMR bio-
sensors have not been numerically investigated and
quantified.

In this study, instead of using a complicated 3D
model, we have considered VSR in the vertical-
sidewall direction (along the grating depth) and
focused only on 2D morphologies to explore its inher-
ent physics. We have proposed an improved model of
GMR grating with narrow FWHM. On the one hand,
our model is “ultrasensitive” to detect samples, while
on the other hand, it is susceptible to VSR; hence, we
have to explore its side effects.

This paper is organized as follows: first, we will
review the rigorous coupled-wave analysis (RCWA)
method used to solve the scattering problem of
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VSR in Section 2.A. We will then demonstrate the de-
veloped GMR biosensor in Sections 2.B and 2.C.
Third, the mathematical VSR model is discussed in
Section 2.D, and the simulation results with VSR are
demonstrated in Section 2.E; finally, we will state our
conclusions in Section 3.

2. Simulation Models, Results, and Discussion

A. RCWA Method

In RCWA, the computation domain of the grating
model is divided into three regions, as shown in
Fig. 1. Region 1 is above the grating region (modu-
lated refractive index region) and contains both re-
flective and incident electromagnetic fields. Region
2 is the modulated grating region in the middle
domain. Region 3 is below the modulated region at
which the transmitted electromagnetic field exits.
The modulated refractive index can be decomposed
as a Fourier series given by Eq. (1) as follows:

e(x) =) erexp’ 7, (1)

where ¢; is the ith Fourier-series coefficient of the
modulated grating region and p is the grating period.
The electromagnetic fields are also decomposed as
plane waves by using the Bloch—Floquet theorem
[18-20]. Finally, the phase-matching conditions are
applied to solve the eigenvalue problem and hence
obtain the Fourier coefficients and the distributions
of the electromagnetic fields.

B. Ultrasensitive GMR Biosensor Design

Figure 1 shows the schematic structure of the GMR
sensor designed for this study. It has been improved
from [21], which had required three types of materi-
als; and here it is simplified to contain only two
materials. Our target is to obtain a GMR biosensor
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Fig. 1. (Color online) Schematic illustration of the GMR sensor
structure discussed in this study. The parameters are as follows:
h; = 390nm, waveguide layer thickness; hs = 600nm, grating
height; p = 900 nm, grating period; f = 0.1, fill factor within the
period; ng = 1.97, refractive index of SigNiy in both waveguide
and grating layers; ng = 1.44, refractive index of SiO, in the
substrate layer; and the plane wave is in normal incidence.



with a narrower FWHM and make it more sensitive
to external perturbations than the previous design
[21]. The logic of our design is to use fewer materials
in order to simplify the fabrication process and then
adjust the parameters, such as the fill factor and per-
iod, to make the FWHM narrower. The parameters
we use here are illustrated in Fig. 1. The spectral
responses of the transverse magnetic (TM, with
magnetic field normal to the incident plane) and
transverse-electric (TE, with electric field normal
to the incident plane) polarizations of the designed
biosensor are calculated as shown in Fig. 2. The PWV
of the TE polarization is located at 1529 nm while
that of the TM polarization is located at 1412.3 nm.
The FWHMs of the TE and TM spectra are 3.6 nm
and 0.34nm, respectively. In the previous design
[21], the FWHMs of the TE and TM spectra were
9.3nm and 6.5nm, respectively. Obviously, our im-
proved design has narrower FWHMs irrespective
of the TE and TM spectra. From Fig. 2, the FWHM
of the TM polarization in this design is almost 20
times smaller than that of the previous design [21].
Here, the filling factor f of the GMR grating is first
scanned for searching for the minimum of FWHM.
This strategy can also be explained from the coupling
term, sin(zf/z), of the coupled-wave equation in
Ref. [22], and the extent of mode coupling is strongly
related to the fill factor f that is essential to manip-
ulate the FWHM.

Furthermore, the deviation in PWV between TE
and TM polarizations is 116.7nm, which is larger
than that (85.8nm) in the previous design [21].
Larger PWV deviations between the TE and TM
polarizations make the measured spectral response
more significant, especially when spectroscopic ellip-
sometry is used. In Figs. 3(a) and 3(b), the adjusted
fill factors and the spectra for TM and TE polariza-
tions are shown. The FWHMs broaden for both polar-
izations when the fill factor approaches 0.5, and they
shrink when the fill factor approaches either 0 or 1.
The PWVs of both the TM and TE polarizations ex-
perience a redshift when the fill factor increases from
0 to 1. This redshift can be qualitatively explained by
the concept of effective medium theory, that is, by re-
garding the modulated grating region as an equiva-

1.0 7

=
®
P
=]
=

|

e
=
Ll

o
-
P B

Diffraction efficiency (a.u.)
=
%
1 I

1

.\\q 7 1
TTrrr [ rrrrrr T T |‘

1.3 1.4

Wavelength (1um)

e
=)

Fig. 2. (Color online) Reflective spectral responses of TM and
transverse-electric TE polarizations for the GMR sensor param-
eters shown in Fig. 1.
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Fig. 3. (Color online) Reflective spectral responses of (a) TM and
(b) TE when fill factor changes from 0 to 1 (the grating period is
fixed at 900 nm). The color scale represents the reflective intensity.

lent layer of thin film. The wavelength becomes
shorter in a dense material; i.e., the effective refrac-
tive index of the grating increases when the fill factor
approaches 1. Consequently, the working wavelength
should become longer to match the shortened wave-
length in the grating region. On the contrary, the
wavelength naturally becomes longer in sparse ma-
terials wherein the effective refractive index of the
grating is lower because the fill factor approaches
0. Moreover, when the fill factor is larger than 0.9
or less than 0.1, the PWV disappears at some fill fac-
tors. For the TM polarization, the FWHM broadens
gradually when the fill factor changes from 0 to 0.3;
and the PWV appears to redshift quickly along the
asymptote at which the fill factor equals 0.5. From
Figs. 3(a) and 3(b), we discovered that when the fill
factor is below 0.1 or beyond 0.9, the FWHM is suffi-
ciently narrow. Besides, the FWHM for the TM polar-
ization is narrower than that for the TE polarization.
The GMR sensor with narrow FWHM can act like a
tiny probe to detect samples. However, in such cases,
the PWV disappears at some fill factors, and it may
be very difficult for current technologies to fabricate
such narrow ridges or slits; hence, we have excluded
these two extreme conditions.

In Figs. 4(a) and 4(b), the spectra of the TM and TE
polarizations are shown, respectively, after the peri-
od has been adjusted. The PWVs of both polariza-
tions show proportional redshifts with increasing
period. The redshift means the increase of PWV
due to the increasing period and can be explained by
the scaling principle when the grating material un-
der consideration is nondispersive [3]. In this study,
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Fig. 4. (Color online) Reflective spectral responses of (a) TM and

(b) TE when the period changes from 0.88 to 0.92 (the fill factor of
the grating is fixed at 0.1). The color scale represents the reflective
intensity.
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we have chosen the spectroscopic light source as an
incident plane wave. Moreover, the FWHM of the
spectrum is very narrow (only 0.34 nm) in our design;
therefore, it is reasonable to regard the GMR grating
material as nondispersive, especially in the IR range.
Consequently, we can also predict the desired PWV
by tuning the period and fill factor simultaneously. In
addition, we can obtain the PWV with additional
parametric variables (e.g., grating depth or thickness
of waveguide layer) by employing optimization meth-
ods such as genetic algorithms or particle swarm op-
timization methods. Figs. 5(a) and 5(b) demonstrate
the magnetic and electric field amplitudes, respec-
tively, of the GMR sensor at PWV. The size of the cal-
culated domain is 0.9 ym x 6 um. The incident plane
wave has unit amplitude, and the standing-wave pat-
terns are generated by combining both incident and
reflective fields. The TM polarization exhibits stron-
ger field enhancement of 100 times, and this is larger
than that in the TE polarization wherein the field en-
hancement is only 20 times. Detailed magnetic and
electric field amplitude distributions along the z axis
at x = 0 are shown in Figs. 5(c) and 5(d) for a more
detailed investigation. A highly enhanced field exists
in the waveguide layer between the grating and sub-
strate. The evanescent wave can be used to interact
with samples when penetrating into the grating
layer. Besides, TM polarization has much larger en-
hanced mode confinement than TE polarization, as
shown in Fig. 5, and has inherently narrower FWHM
than TE due to the matching of the boundary
condition on the one-dimensional (1D) polarization-
dependent grating [22].
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(Color online) Demonstration of (a) magnetic amplitudes of TM and (b) electric field amplitudes of TE for the GMR sensors at

resonance as the field approaches maximum reflectance. The size of the region is 0.9 um x 6 ym. Detailed (c) magnetic amplitudes of TM
and (d) electric field amplitudes of TE plots for the cross section at x = 0.
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C. Validation of Ultrasensitive GMR Biosensor

In order to demonstrate that our GMR grating model
is capable of being an ultrasensitive candidate, we
performed computational experiments on this sensor
covered with a virtual biolayer and liquid. Figs. 6(a)
and 6(b) show the spectral responses of the TM and
TE polarizations when the GMR sensor was covered
by a virtual biolayer whose thickness was varied
from 0.1nm to 1nm. The refractive index of the bio-
layer was assumed to be 1.5. For TM and TE polar-
izations, the shifts in PWV were 0.43 nm and 0.3 nm,
respectively, for the biolayer thickness of 1nm,;
clearly, TM polarization was more sensitive than TE
polarization. Moreover, as the thickness of the bio-
layer increased from 0.1nm to 1nm, the PWV shift
linearly increased by 0.04nm per 0.1nm thickness
increment for the TM polarization. However, the
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PWYV shift linearly increased only by 0.03nm per
0.1 nm thickness increment for the TE polarization;
that is, the TE polarization is really less sensitive
than the TM one. In fact, the resolution of the present
commercial optical spectrum analyzer (OSA), em-
ployed in the GMR biosensor system, can reach
picometer (i.e., 0.001 nm) levels. Based on this feasi-
bility, our numerical resolution of the output spec-
trum is reasonably set to 0.01 nm. Once a practical
OSA reaches higher resolutions, we can set the nu-
merical resolution of the output spectrum to smaller
units, but the massive computational time is una-
voidable when finer meshes are employed in RCWA.
Figs. 6(c) and 6(d) show the spectral responses of the
TM and TE polarizations for the GMR sensor covered
by liquid alcohol (refractive index: 1.36-1.361111);
here, the alcohol volume was full of upper semi-
infinite space. The refractive index is assumed to
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(Color online) Spectral responses of (a) TM and (b) TE polarizations when the GMR sensor is covered by a virtual biolayer with ¢

varied from 0.1 to 1 nm and with refractive index ny;, = 1.5; the spectral responses of (c) TM and (d) TE polarizations when the GMR sensor
is covered by liquid alcohol with the refractive index n varied from 1.36 to 1.361111 and the alcohol is full of the upper semi-infinite space.
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change with the alcoholic concentration (mol/L) in
practice. For TM and TE polarizations, the PWV
shifts were 45.77nm and 21.08 nm, respectively, for
the refractive index of the liquid of 1.361111. Simi-
larly, the TM polarization was better than the TE
polarization while detecting the perturbation of
the refractive index of a liquid.

For the TM polarization, when the refractive index
is changed from 1.36111 to 1.361111, the sensor can
still be used to distinguish tiny deviations as the re-
fractive index changes down to 0.0001. Similarly, the
lower limit of the resolution of the refractive index
change detection for the TE polarization can reach
at least 0.001. Consequently, hypothetical changes
of RIU measured by our biosensor [calculated from
Figs. 6(c) and 6(d) by A1/An] can reach a theoretical
ultrasensitivity of 1000 nm/RIU and 100 nm/RIU for
TM and TE polarization, respectively. Ref. [6] con-
cluded that sensor sensitivity better than 0.001-
0.0001 RIU is sufficient to detect various biochemical
samples and also mentioned that the state-of-the-art
biosensor could reach 2000 nm/RIU of ultrasensitiv-
ity. Besides, the biosensor in Ref. [4], with resolution
of 112nm/RIU, is recognized to be highly sensitive.
In this study, our design is comparable to the state-
of-the-art biosensor with ultrasensitivity, and we
have made further investigation of the side effects
of VSR for degrading its ultrasensitivity.

D. Characterization of VSR Model

Some of the literature has suggested complex math-
ematical models to fully characterize the roughness
[23]; however, we chose a simple model that uses only
two independent parameters—correlation length, &,
and rms of the maximum roughness deviation, c—
to describe the roughness. These two parameters
comprise an autocorrelation function that charac-
terizes the fluctuations in the roughness. The auto-
correlation function A(u) of a roughness fluctuation
h(z) of the VSR is defined as follows: [24]:

AW = [ heh(e =)z, (2)

The coordinates of x and z are shown in Fig. 1. The
autocorrelation function A(u) is applied to define the
fluctuations in the roughness between h(z) and
h(z-u) at which z is shifted by a distance y. The rms
of the maximum roughness deviation ¢ is then de-
fined as A(0)Y/2. Based on Fourier transformation
theory, A (i) approaches zero as y approaches infinity,
while A(u) reaches a maximum as u approaches zero.
Therefore, we provide an assumed autocorrelation
function in the analytical form of a power spectral
density function as follows:

Alp) = o2exp* . (3)

The correlation length of the specific VSR is de-
fined as ¢ in Eq. (3). As the variable correlation
length x4 equals ¢ in Eq. (3), A(u) reduces to
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62(1/e). From signal processing theory, we certainly
know that fluctuating h(z) is still correlated within
this correlation length £ [24]. The Fourier transform
of A(u) is then derived as follows [23,25,26], in order
to obtain the Fourier components of A(z):

Wi(k) = / A d. (4)

The VSR along the z direction can then be
generated from the inverse Fourier transform of
the square root of W(k), as shown by the following
equation:

h(z) = / W (k)1 /2e(-%)dk. (5)

Here, % is the spatial frequency of the VSR.

In this study, we generally demonstrate the illus-
trative distributions of the VSR on the two vertical
sidewalls of the grating, as shown in Fig. 7(a).
Figure 7(b) shows the random VSR with the same cor-
relation length & of 5 nm and with various ¢ values of
1nm, 2.5 nm, and 5 nm, while Fig. 7(c) shows the ran-
dom VSR with ¢ of 1 nm and with various correlation
lengths £ of 5nm, 10 nm, and 50 nm. Larger ¢ results
in larger fluctuations in the VSR, whereas longer
correlation lengths lead to slower fluctuations.

E. Analysis of GMR Biosensors Superimposed with VSR

In our original GMR sensor design, the PWV of the
TM polarization is located at 1412.3 nm while that of
the TE polarization is located at 1529 nm with both
reflectances close to 100%. We use these PWVs of the
original design as a reference to measure their PWV
shifts when ¢ or ¢ changes. In Fig. 8, the horizontal
and vertical axes are ¢ and &, respectively. The value
of each point on the figures represents the reflec-
tance at PWV. The é—¢ diagram shows that a higher
o implies lower reflectance in the form of blue-
stripe regions. However, for several correlation
lengths [e.g., £ =92, 75, 60, 50, 40, 34, 15, and
5nm in Fig. 8(a) and & = 87, 74, 55, 47, 40, 30, 18,
and 9nm in Fig. 8(b)], the PWV remains constant
(nearly 100%) in the red-stripe region. In these
slender red-stripe regions, the incident light was re-
flected totally, or, in other words, the incident light
was unable to penetrate the grating. It is well known
that in photonic crystals, the bandgap is the condi-
tion under which light cannot propagate forward
at certain incident directions and wavelengths. Simi-
larly, the slender red-stripe regions are analogous to
these bandgaps. A GMR grating is actually a type of
1D photonic crystal, and hence we can also consider
the slender red-stripe regions in the {—¢ diagram to
be bandgaplike regions. The red-stripe region in
Fig. 8(b) for TE polarization is wider than that in
Fig. 8(a) for TM polarization, but this does not imply
that the TE polarization has greater fabrication tol-
erance for o than the TM polarization. Conversely,
the TE polarization is less sensitive to both VSR
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and measured samples. Moreover, TE is also less sen-
sitive to the biolayers or liquids used for measure-
ments, which we have validated in Section 2.D.
Further analysis based on Fig. 8(a) was conducted
by obtaining spectral responses with increasing &
at different ¢ (e.g., 0 = 1, 2.5, 3.5, and 5nm), and the
results can be seen from Figs. 9(a)-9(d). For example,
since ¢ = 1nm in Fig. 9(a), the PWV shifts slightly
vary within 0.1nm. For 6 =5nm in Fig. 9(d), the
shifts in PWV fluctuate strongly and have a maxi-
mum of 0.3 nm. We quantify the PWV ghifts in these
four figures and summarize that the maximum PWV
shifts are 0.3 nm when ¢ = 5nm in Fig. 9(d). Even a
tiny VSR of ¢ = 1nm will result in 0.1nm PWV
shifts, which are sufficiently large to cause erroneous
recognitions in the biolayer sensing described in
Subsection 2.B; needless to say, once the PWV shift
of 0.3nm is caused by VSR with ¢ = 5nm.

To investigate the reasons for the VSR resulting in
the bandgaplike regions, we also used sinusoidal cor-
rugations, ¢ - sin(27z/¢), to represent the VSR for the
other simulations. Figures 10(a) and 10(b) show re-
sults identical to those in Fig. 8 for the TM and
TE polarizations, respectively. From the above re-
sults, we can infer that certain modulated spatial dis-
tributions of VSR will support the GMR effect; hence,
the constructive interferences of incident and re-
flected waves still exist at some correlation lengths
even if ¢ increases to exceed 10nm. This specific
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changes in correlation lengths £ and rms of roughness o.
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Fig. 9. (Color online) Spectral responses at different values of rms of roughness: (a) 6 = 1nm, (b) 2.5 nm, (¢) 3.5 nm, and (d) 5 nm, with
variations in the correlation length &.

spatially modulated distribution of the VSR leads to
bandgaplike regions. Fortunately, if the {~¢ param- (@) 0.10 ]
eters fall within the bandgaplike region, the reflec-
tance will be nearly 100%. This is advantageous
when the fabrication parameters are controlled with-
in this dramatic bandgaplike region, since larger
roughness can then be tolerated.

In contrast, if there were no spatially modulated
variations, i.e., when the VSR is regarded as an effec-
tive thin-film layer (for computational simplicity),
the existence of the anomalous bandgaplike phenom-
ena is interesting. We regard ¢ and ¢ of the random
and sinusoidal VSR as the equivalent thickness and
period of variation on the effective thin film, respec- (®) 0.10
tively [27]. Because the thickness of the VSR consid- .
ered here is much shallower (maximum: 5nm) than
the grating line width, the higher-order approxi-
mations of the effective medium are necessarily
assumed to describe the VSR. The zero-order effec-
tive indices in three axial directions are as follows:

&€ (um)

&€ (um)

Nyo =Ny =Ny = \/nzir(l _f) +fn1237 (6>

—'_|_|_|_|_'_|_|_|_|_'_|_|_|_|_'_|_|_|_|_|— 1
N,y =n, = air TR . (7) 0.00 0.01 0.02 5o
\/ngh,(l —f) +fnd & (um)
. Lo . . Fig. 10. (Color online) {—o diagram of reflectance at the designed
The second-order effective indices in three axial = PWV for sinusoidal VSR. (a) TM and (b) TE polarizations with
directions are as follows: changes in correlation lengths ¢ and rms of roughness o.
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Here A is the incident wavelength; n,;, is the refrac-
tive index of the air; ny is the refractive index of the
VSR corrugations; f is the fill factor; and & is the per-
iod of variation of the VSR corrugations (we have as-
sumed f as a fixed average equal to 0.5 in this study).
In our study, the light source is in normal incidence,
and hence only n,y and n,, are considered for TM and
TE polarizations, respectively. If the incidence is
oblique, n,, n,, and n, should be considered simulta-
neously by tensor transformations. Similar simula-
tions were implemented, and the results are
shown in Figs. 11(a) and 11(b). Figure 11 shows the
equivalent diagram of PWV shifts in (a) TM and
(b) TE polarizations with changes in the equivalent
thickness versus the correlation length. Bandgaplike
regions do not exist anymore, as we can see from
Figs. 8 and 9.

Further analysis based on Fig. 11 to obtain spec-
tral response with varying effective thicknesses and
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Fig. 11. (Color online) é~o diagram of reflectance at the designed
PWV for effective VSR. (a) TM and (b) TE polarizations with
changes in correlation lengths ¢ and rms of roughness o.

correlation length is shown in Fig. 12. Figs. 12(a) and
12(b) show the redshifts in the PWV with increasing
effective correlation length of the VSR in TM and TE
polarization, respectively. In both the polarizations,
the PWV shift does not fluctuate with the effective
correlation length at fixed effective thicknesses;
further, the PWV shift varies monotonically. This im-
plies that when the VSR is regarded as an effective
medium in terms of effective medium approxima-
tions (EMASs), the periodicity of the VSR is elimi-
nated. However, EMAs can still be applied to other
line edge roughness or surface roughness in sub-
wavelength grating structures [14]. Since it is known
that the periodic grating forms the 1D photonic crys-
tal and leads to GMR effects under some special
physical conditions, the unwanted VSR could be in-
herently decomposed into numerous periodic nanos-
tructures. Therefore, the GMR grating superimposed
with VSR is a combination of two kinds of periodic
nanostructures in different dimensional scales; for
example, the GMR grating has a linewidth of 90 nm,
and the VSR has ¢ = 5 nm. Thus far, such studies on
compound complex nanostructures have been lim-
ited, to our knowledge. Further studies are required
either to estimate the roughness effects or to realize
future nanophotonic applications.
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Fig. 12. (Color online) (a) TM and (b) TE polarization showing
the redshifts of PWV that increase with the correlation length
£, respectively.
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3. Conclusions

We have proposed an improved simple design for
GMR biosensors under IR illumination. Further-
more, we implemented the RCWA approach to ex-
plore the effects of VSR on such biosensors, and
this is the first such computational experiment to
our knowledge. Both TM and TE polarized illumina-
tions are examined. The TM polarization is consider-
ably more sensitive than the TE polarization when
the external variations in either the biolayer or li-
quid are detected. Similarly, TM polarization is also
more sensitive to the VSR. Even a tiny VSR of 6 =
1nm will result in 0.1 nm shifts in PWV, and this
is sufficiently large to cause erroneous recognitions
in this ultrasensitive biosensor. Fortunately, the
PWYV shift remains approximately constant at cer-
tain ranges of the correlation length of VSR leading
to significant bandgaplike phenomena even if the
maximum roughness deviations ¢ are up to 10 nm.
Since the random roughness fluctuations can be re-
garded as the superposition of periodic Fourier-series
components, we also discovered that the pseudoregu-
lar sinusoidal VSRs have identical bandgaplike phe-
nomena. Based on these facts, if the fabrication
conditions can be controlled within these specific
£ values, the side effects of VSR can be largely toler-
ated in future designs even when the linewidth of
the grating is decreased to only a few tens of
nanometers.
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