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Abstract: We report here the refractive index (RI) sensing using the singly degenerate high 
quality factor (Q) modes in photonic crystal slabs (PCS) with the free-space coupled incident 
beam close to normal incidence. Q values of 3.2x104 and 1.8x104 were achieved for the 
fabricated PCS in air and aqueous solution, respectively. A spectral sensitivity (S) of 94.5 
nm/RIU and a detection limit (DL) of 3x10−5 RIU were achieved with our device. Such a 
high-Q cavity for the singly degenerate mode close to normal incidence is very promising to 
achieve a lower DL for RI sensing. 
© 2017 Optical Society of America 
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1. Introduction 
Optical biosensors have wide applications in biomedical research, healthcare, and 
environmental monitoring and are immune to electromagnetic interference. Optical 
biosensing technologies can be divided into two categories: fluorescence-based detection and 
label-free detection. Label-free optical sensing can provide real-time rapid analysis and 
requires minimal sample preparation without interfering with the function of the biomolecules 
[1–3]. Label-free sensors could either detect refractive index (RI) change, absorption change 
or Raman signal induced by the presence of the analyte [2]. RI sensors have been 
demonstrated in the detection of biochemical molecular interaction [4–8], drug screening [9], 
and gases [10–12]. RI sensors can detect the RI change of the bulk solution [13–16], polymer 
RI and thickness change in gas sensing [10, 11], or RI change due to molecule binding near 
the sensor surface in aqueous solution [4, 7]. 

Sensor detection limit (DL) can fully describe the performance of a sensor, which can be 
improved by increasing the quality factor (Q) or spectral sensitivity (S) [1]. Surface plasmon 
resonance (SPR) sensors suffer from low Q due to strong intrinsic absorption in metal, which 
increases the ambiguity in determining the spectral resonance location in the presence of the 
spectral noise [1]. Photonic crystal (PC) devices, including localized PC cavities [4, 17–19], 
slotted PC cavities [20, 21], and defect-free photonic crystal slabs (PCS) [5, 8, 14, 16], are 
one of the most promising platforms in building ultra-compact and highly sensitive integrated 
sensor arrays on-chip due to the enhanced light-matter interaction at the sub-micrometer 
scale. Localized PC cavities can achieve high Q values ~104 [4, 17–19], but have moderate S 
~100 nm/RIU due to small optical field overlap with the analyte. Slotted PC cavities can 
obtain high S of 450 to 500 nm/RIU due to larger overlap between the optical mode and the 
analyte, while the Q (typically 103 to 104) for these designs is highly sensitive to the 
fabrication imperfections [20, 21]. For both localized and slotted PC cavities, delicate 
alignment is needed to couple the light from fiber to in-plane waveguide. Additionally, the 
detection speed is greatly comprised due to the slow mass transport rate for the analytes to 
diffuse in and out of the confined nanoscale channels or localized cavities. In a previous work 
[16], we reported a surface-normal free-space coupled optofluidic sensor based on defect-free 
2D PCS with Q of 2,800 and S of 264 nm/RIU and achieved fast detection and simple 
alignment for light coupling. 

Guided resonances in PCS allow easy coupling to externally vertical incident beams under 
certain conditions [22–25], resulting in interferences in the reflection or transmission spectra 
of the PCS. The resonant feature could be very sharp, which can be utilized for optical filters 
[26, 27]. Dark mode, or termed as uncoupled mode, could not be observed in the reflection or 
transmission spectra due to symmetry mismatch to the incident plane wave radiation [28–30]. 
These uncoupled modes have infinite lifetime with infinite Q factor, and they are non-
degenerate in a square lattice PCS [30]. Coupling to these perturbed dark modes is associated 
with symmetry breaking, either by varying the lattice structure [14, 30] or introducing finite 
incident angle [22, 31]. Quality factor of 104 and S of 800 nm/RIU were achieved by coupling 
light to slightly perturbed dark modes through alternating nanohole sizes [14]. However, the 
PCS should be suspended, which is more challenging to fabricate and more fragile at the thin 
membrane region, compared to the non-suspended counterpart. The non-degenerate (or singly 
degenerate) modes at small incident angle (k ≈0) have higher Q compared to the doubly 
degenerate modes [22, 31, 32], which could be employed to achieve a lower detection limit in 
the RI sensor. 

In this work, we demonstrated, theoretically and experimentally, RI sensing using the high 
Q singly degenerate modes off normal incidence. A DL of 3x10−5 RIU has been achieved. 
These singly degenerate modes are uncoupled modes at normal incidence, but can be 
observed in the optical spectrum and used for sensing when the mirror symmetry is broken 
due to finite k vector off normal incidence. 
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2. Design 
The schematic of the device on silicon on insulator (SOI) substrate is shown in Fig. 1(a), in 
which top Si layer thickness is 246 nm and SiO2 thickness is 3 μm. The Si PCS has a lattice 
constant a = 970 nm and a radius r = 83 nm. An incident plane wave beam with wave vector 
k shines on the PCS in x-z plane at an incident angle θ and gets reflected back. Figure 1(b) 
shows the top view and cross-sectional view of scanning electron microscope (SEM) images 
of one fabricated device. 

Reflection spectra of the PCS under normal incidence (along the z-direction) or at a small 
incident angle are simulated with Stanford Stratified Structure Solver (S4), a frequency 
domain code based on coupled wave analysis and S-matrix algorithm [33]. The simulation on 
angle dependent dispersion properties is similar to the one reported earlier [34]. We simulate 
one unit cell of the PCS immersed in water. The RI of water is taken to be 1.319 at the PCS 
resonance modes [35]. The reflection spectrum of the PCS is polarization independent at 
normal incidence because of 90-degree rotational symmetry of the square lattice [36]. 
Polarization of the incident optical field is defined with respect to the plane of incidence. 
Transverse electric (TE) polarization has electric field Ey perpendicular to the plane of 
incidence (x-z plane), and transverse magnetic (TM) polarization has magnetic field Hy 
perpendicular to the plane of incidence. 

 

Fig. 1. (a) Schematic of Fano (guided) resonance PCS on SOI substrate. (b) Device SEM top 
view with zoom in of four holes and angled cross-sectional view of three air holes shown in 
the inset. 

At normal incidence (k = 0, θ = 0°), there exists one doubly degenerate mode at 1530 nm, 
as shown in black dashed line in Fig. 2(a). At 0.5° incident angle, a new mode A emerges at 
1515 nm with TM polarized light source excitation, as shown in Fig. 2(a). The newly 
emerged non-degenerate mode A is an uncoupled mode at Γ point (k = 0), which has infinite 
life time and is completely decoupled from the external world [31]. When k is slightly greater 
than zero, this unique guided resonance has finite lifetime and could couple light in and out of 
the slab efficiently. At 0.5° incident angle, the singly degenerate mode D could be excited 
with TE polarized light source. Figure 2(b) shows the dispersion curves of the four energy 
bands along the Γ-X direction defined in Fig. 1(a) under small incident angles (θ). The doubly 
degenerate mode at Γ point splits into two modes B and C when incident angle is not zero. 
The two singly degenerate modes A and D do not continue to k = 0 in Fig. 2(b) because they 
are uncoupled modes at k = 0. 
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Fig. 2. (a) Simulated reflection spectra for PCS at 0.5 degree and 0 degree incident angles. (b) 
Simulated band diagram of singly degenerate modes (A, D) and doubly degenerate modes (B, 
C) for the PCS. (c) Fano fitted quality factor for reflection spectra at different incident angles 
for the four modes. 

Figure 2(c) depicts the calculated radiative quality factor (Qrad) of these four bands with 
Fano fitting from simulated reflection spectrum [37]. Bands B and C originate from the 
doubly degenerate mode (at Γ point) and they have finite Qrad at k ≈0, the singly degenerate 
bands A and D have Qrad that approaches infinity when k ≈0. At Γ point, the doubly 
degenerate mode has the same symmetry as free-space modes, while the singly degenerate 
modes A and D are decoupled from free-space modes due to symmetry mismatch. 

In this work, we compared two computational techniques to evaluate the sensor 
performance of the PCS, including resonance location, sensitivity, quality factor and detection 
limit. The first technique is S4, where we simulated spectral sensitivity (∆λ/∆nanalyte) by 
tracking guided resonance shift for a unit cell of PCS with different RI of analyte above the 
PCS. The second technique is MEEP, a freely available finite-difference time-domain 
(FDTD) implementation [38]. We simulated a unit cell of three-dimensional PCS structures 
with periodic boundary conditions (PBCs) in plane and perfectly matched layers (PMLs) on 
top and bottom of the unit cell to absorb outgoing fields. The excitation consists of a 
broadband planar Gaussian source located above the PCS to solve modes of the PCS. Field 
distribution for each mode is computed by exciting the PCS with a narrowband planar 
Gaussian source. In MEEP, resonance frequency and radiative quality factor of each localized 
mode is calculated with Harminv, a program that decomposes the fields into a sum of 
sinusoids and determines their frequencies and decay constants. 

 

Fig. 3. (a-d) Ex field distribution in y-z plane at the center of the hole, (e-h) Ez field distribution 
in x-y plane at the center of PCS for the four modes (a, e) mode A, (b, f) mode B, (c, g) mode 
C, (d, h) mode D, with air hole boundary shown in dashed line and the Si region boundary 
shown in solid line. 
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Figures 3(a)-3(d) shows the Ex component in y-z plane for the four modes excited at 0.5 
degree incident angle. These modes have odd symmetry in their electric field with respect to 
the mirror plane perpendicular to the z axis [13, 23]. The field is greatly extended to the 
medium above the PCS, which is water in our case. At Γ point, square lattice has a symmetry 
group of C4υ with five irreducible representations. When moving away from Γ point to X 
point, the symmetry group changes to C1h with only two irreducible representations [39]. The 
symmetry of each mode could be determined by the mode profile of its Ez component in x-y 
plane. As shown in Figs. 3(f) and 3(h), Mode B and D are antisymmetric around the x axis, 
which can be excited by TE polarized source. Figures 3(e) and 3(g) show that mode A and C 
are symmetric around the x axis and hence can be excited by TM polarized source. 

The sensing mechanism in our PCS sensors is the spectral shift of guided resonances due 
to changes in the RI of the analyte near the PCS top surface. The relation between small 
change in RI of the surrounding medium and the shift in guided resonance frequency is linear 
to a first-order approximation based on perturbation theory [40]. We can define optical 
overlap integral f as the ratio of electric field energy in the analyte region (liquid in our case) 
to the total energy for a given mode [13, 14]. 
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where ε is the dielectric constant of the material. The bulk spectral sensitivity S is related to 
the optical overlap integral f and the resonance wavelength λ0 by: 
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Therefore it is clear that a large f value will result in a higher bulk sensitivity because of 
larger field overlap with the analyte. The detection limit describes the smallest RI change that 
could be measured with a RI sensor [1, 13, 14], which is defined as: 

 
r

DL
S

=  (3) 

where r is the sensor resolution, and r can be taken as three standard deviations (3σ) of the 
system noise. And σ is related to the signal to noise ratio (SNR) and Q by [1]: 

 0
0.254.5 ( )Q SNR

λσ =
⋅

 (4) 

We also examined the field energy distribution ε|E|2 for B mode with 0.5 degree incident 
angle. Figure 4(a) shows the ε|E|2 distribution in the x-y plane at the center of the PCS (z = 
−120 nm), with most of the energy confined in the high index silicon region. The ε|E|2 
distribution in the y-z plane at the center of the air hole is plotted in Fig. 4(b). To evaluate 
how much field energy is concentrated in the liquid region, we plot ε|E|2 along z axis for the 
slice of x = 0, as shown with blue solid line in Fig. 4(c). In MEEP, we simulated one unit cell 
with space resolution of 10 nm, which is sufficient for our structure. We integrated ε|E|2 
along z axis for all the slices at every 10nm from x = - 485 nm to x = 485 nm. The integrated 
ε|E|2 is plotted with red solid line in Fig. 4(c). The dashed lines indicate the boundary of PCS, 
with the PCS-liquid boundary located at z = 0 nm. The optical overlap integral f in the liquid 
region above the PCS is calculated to be 10.6% by integrating ε|E|2 for z > 0, according to Eq. 
(1). The f in the air hole of the PCS is around 0.3%, which does not contribute much to the 
bulk sensitivity. The other three modes A, C and D are also calculated in this way. 
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Fig. 4. Simulation of B mode at 0.5 degree incident angle. (a) ε|E|2 profile in x-y plane at the 
center of PCS (z = −120nm) with air hole boundary shown in dashed line. (b) ε|E|2 profile in y-
z plane at the center of air hole (x = 0), solid lines show the boundary of Si region. (b) 
Distribution of ε|E|2 along vertical (z-axis) direction for x = 0 and integrated ε|E|2 from −485 
nm < x < 485 nm, with dashed lines showing the Si slab boundary. 

A summary of the mode properties and sensor performance for the four modes at 0.5 
degree incident angle is shown in Table 1. The integrated ε|E|2 and sensitivity are almost the 
same for the four modes. For calculation of sensitivity in S4, we simulated the reflection 
spectrum for nanalyte = 1.319 and nanalyte = 1.329. SNR of 60dB is taken to calculate DL. Singly 
degenerate modes A and D have one order of magnitude higher Q with similar S compared 
with modes B and C, thereby achieving a lower DL. 

Table 1. Comparison of resonance location, radiative quality factor, sensitivity, and 
detection limit of the four modes simulated with S4 and MEEP. 

Computation 
technique 

Modes A B C D 

S4 λ0 (nm) 1515.3 1529 1530.4 1539.3 

Qrad 86,500 3,500 3,500 39,385 

S (nm/ RIU) 100 105.5 105.4 100.7 

DL (RIU) 4.1x10−6 8.9x10−5 8.9x10−5 8.3x10−6 

MEEP λ0 (nm) 1518.1 1529.2 1530.2 1538.3 

Qrad 73,772 4,230 4,093 59,582 

f 10.8% 10.9% 10.9% 10.8% 

S (nm/ RIU) 124 126 126 126 

DL (RIU) 3.6x10−6 6.2x10−5 6.4x10−5 4.4x10−6 

3. Fabrication and characterization 
The PC device was fabricated on SOI substrate with electron beam lithography (EBL) and 
plasma dry-etching process, with top view SEM and cross sectional view SEM shown in Fig. 
1(b). Polydimethylsiloxane (PDMS) microfluidic channel fabricated with soft lithography 
was bonded on the device after a short oxygen plasma treatment to form the fluidic chamber 
for aqueous analyte delivery. 
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Fig. 5. (a) Schematic of the PCS based optofluidic RI sensor (not to scale). (b) Schematic 
illustration of the measurement system. TLS: tunable laser source, BS: beam splitter, P1 (P2): 
polarizer, DUT: device under test. 

The schematic of the PCS based optofluidic RI sensor is shown in Fig. 5(a). PDMS 
thickness is around 2 mm and has negligible optical absorption at PCS resonance wavelength 
region. Incident light beam passes through the PDMS chamber and shines on the PCS sensor. 
The test setup is shown in Fig. 5(b). A tunable laser light source (1465~1572 nm, Agilent 
81980A) is used and the beam is collimated, polarized and focused onto the 500 x 500 μm2 
PCS device. The reflected light is crossed-polarized in 90 degrees with respect to the incident 
beam and is collected by a detector. The PCS device is mounted on a translation (x-y-z) stage 
and a rotation stage for aligning the laser beam to the PCS under normal incidence. The cross-
polarization measurement technique suppresses the incident background light, revealing the 
guided resonance in the reflection spectrum with high extinction ratio (ER) [41, 42]. 

The black curve in Fig. 6(a) shows the tested reflection spectrum of the PCS in air under 
normal incidence without the use of the cross-polarization technique (i.e. polarizer P2 is 
removed during the test). Simulated reflection spectrum of the PCS in air is shown as blue 
dashed line, which matches well with the tested spectrum. When the PCS is immersed in 
water, the simulated reflection spectrum, shown as red dashed line, indicates around 30 nm 
red shift compared to the spectrum in air. The Fano resonance is asymmetric lineshape in the 
reflection spectrum [25]. The quality factor of the measured reflection spectrum is fitted to be 
2,690, as shown in Fig. 6(b). 

 

Fig. 6. (a) Simulated reflection spectra of PCS at normal incidence in air and in water and 
measured reflection spectrum for PCS in air without polarizer. (b) Measured reflection 
spectrum in air and Fano fitting shows Q = 2,690. 

                                                                                                     Vol. 25, No. 9 | 1 May 2017 | OPTICS EXPRESS 10543 



 

Fig. 7. Measured PCS reflection spectra with cross polarizers in air and in water. (b, c) 
Lorentzian fit of the measured reflection resonance for D mode (b) in air and (c) in water. 

The tested reflection spectra of the PCS with cross-polarization technique are shown in 
Fig. 7(a). The resonances are in Lorentzian lineshape because the Fabry-Perot background 
light gets suppressed while the guided resonance is revealed [43]. In the test, we had a 10x 
objective lens to focus the collimated beam with 2 mm waist to 150 μm at the focal plane and 
the half-angle of divergence for the beam is estimated to be 0.35°. The sample was mounted 
at the focal plane of the lens, the incoming incident beam includes wave vectors with k > 0. 
Care was taken to align the beam to normal incidence. Two modes B and C are close to each 
other on the spectrum when k ≈0 and there is no clear distinction between these two modes. 
Measured quality factors (QM) for the spectrum in air and in water are fitted by Lorentzian 
fitting [44]. QM is 3.2x104 for the resonance of the PCS tested in air and the Lorentzian fitting 
is shown in Fig. 7(b). When testing the PCS immersed in water, the resonance spectral 
linewidth becomes broadened, exhibiting a QM = 1.8x104, as shown in Fig. 7(c). The 
extinction ratio is more than 10 dB for these resonances. The measured QM can be related to 
Qrad with the following equation [45]. 

 
1 1 1

M rad lossQ Q Q
= +  (5) 

where Qloss depends on material absorption and scattering loss due to fabrication 
imperfection. The reduction of QM from 3.2x104 to 1.8x104 is due to the absorption of water 
at this wavelength region [46]. The absorption induced quality factor Qabs is given by [46]: 

 / (2 )abs i rQ n fn=  (6) 

where ni and nr are the imaginary part and real part for the absorptive material, f is the optical 
overlap integral in the absorptive material. We take ni as 10−4 and nr as 1.319 [35]. Optical 
overlap integral f is 10.8% for our structure, as shown in Table 1. Qabs is calculated to be 
around 6.1x104, which is the upper bound for the quality factor of PCS sensor in water. 

We further characterized the sensing performance of D mode with various concentrations 
of ethanol/deionized (DI) water mixture (0.05% - 0.5% volume ratio). The respective spectra 
are shown in Fig. 8(a). We performed water rinsing step before injecting new ethanol/DI 
water mixture to ensure that the PDMS chamber was free of residual ethanol from the 
previous test run. The resonance peak spectral position at each concentration is found by 
Lorentzian fitting and the spectral shift is plotted out in Fig. 8(b) with lowest detectable RI 
change of 3x10−5 RIU achieved using 0.05% ethanol/DI water. The bulk sensitivity for mode 
D is fitted to be 94.5 nm/ RIU, which matches well with the simulated sensitivity of 100 nm/ 
RIU for this mode. 
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Fig. 8. (a) Measured reflection spectra of the PCS in water and in different concentration of 
ethanol/DI water mixture, with the spectrum in water and 0.05% ethanol concentration shown 
in the inset. (b) Bulk sensitivity of the PCS is linear fitted to be 94.5 nm/RIU. 

4. Conclusion 
We have presented the theoretical background and practical technique to couple light to the 
singly degenerate modes at k ≈0 which are unobservable under normal incidence due to 
symmetry mismatch. We discussed the difference between singly degenerate modes and 
doubly degenerated modes. The high Q values for the singly degenerate modes can lower the 
detection limit of 2D PCS based RI sensor substantially. High Q value of 106 could be 
achieved theoretically, and high Q of 3.2 x 104 has been achieved in the experiment, which is 
limited by the angular spreading of the incident beam and fabrication imperfection of the 
PCS. A DL of 3x10−5 RIU was achieved with 94.5 nm/RIU spectral sensitivity. 
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