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Abstract: We numerically and experimentally present the characteristics of disturbed spatial
modes (air mode and dielectric mode) in multi-mode photonic crystal nanobeam cavity (PCNC)
in the mid-infrared wavelength range. The results show that the resonance wavelength of
the spatial modes can be controlled by modifying the size, period and position of the central
periodical mirrors in PCNC, achieving better utilization of the spectrum resource. Additionally,
side coupling characteristics of PCNC supporting both air and dielectric modes are investigated
for the first time. This work serves as a proof of design method that the spatial modes can be
controlled flexibly in PCNC, paving the way to achieve integrated multi-function devices in a
limited spectrum range.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

One-dimensional (1D) photonic crystal nanobeam cavity (PCNC) is considered as an excellent
platform for optical lasering [1,2], filtering [3–5], optical modulation/switching [6–9] and sensing
[10–14], owing to their ultra-high quality (Q) factor, small mode volume (V) and compact size.
Previously reported PCNCs were almost limited to applying the deterministic design method to
achieve high Q-factor and low V, confining only dielectric modes or air modes near the band gap
edges (PBGs) [15]. It is convenient to refer to the modes with resonant frequencies close to the
band above and below a PBG as air modes and dielectric modes respectively based on where
the energy of their modes is concentrated [16]. However, in addition to high Q-factor and low
V, it has long been desired to achieve multiple resonances simultaneously for the applications
such as multiple parameters sensing [17,18], multiple narrow-band light sources [19], integrated
nonlinear devices [20,21], filters [22] and multifunctional devices [23]. Therefore, slow light
enhanced PCNC confining different spatial modes (air and dielectric modes) simultaneously near
PBGs was demonstrated in our previous study [24].

However, the free spectral range (FSR) between air and dielectric modes is limited by PBG.
Usually, large PBG is needed to achieve high Q by enhancing the mirror strength [15]. This will
induce the air and dielectric modes be separated by large spectrum range, resulting in inefficient
spectrum utilization. Additionally, because PBG width is related to the refractive index contrast,
to achieve a narrow PBG in a limited spectra range, the feature sizes of the unit cells should be
rather small, inducing the difficulty of device fabrication. Hence, it is difficult to control and
apply the two spatial modes simultaneously, efficiently and flexibly in a limited spectra range in
practice [24–26]. As known, the wavelength of resonance mode is proportional to the effective
refractive index which is strongly related to the geometric parameters [27,28]. Therefore, the
spatial modes can be controlled by modifying the structural spatial distribution to disturb the
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electric field profiles. Intuitively, due to the unique distinct field distributions of air and dielectric
modes, by disturbing the low (high) refractive index regions, the air (dielectric) modes will be
affected, while the dielectric (air) modes will almost keep unchanged. However, up to date, the
feasibility and characteristics have never been demonstrated and explored thoroughly in PCNCs.

In this study, we numerically and experimentally analyze the characteristics of disturbed spatial
modes by modifying the size, period and position of the central periodical mirrors based on our
reported multi-mode PCNC [24]. We can observe the influence of structure disturbance on the
resonance wavelength of air and dielectric modes simultaneously in a single cavity, achieving
flexible controlling of FSR in PCNC. The results show that the FSR between fundamental spatial
modes can be reduced by half through modifying the structure parameters of PCNC. Furthermore,
our previously reported multi-mode PCNC uses a traditional in-line configuration to couple light
into the cavity. Compared with the in-line coupling PCNC characterized by low-intensity baseline
and resonance peaks, the side coupled structure characterized by a high-intensity baseline and
resonance dips is easier to be measured in practice [29,30]. Therefore, here, we experimentally
study the side coupling characterization of the multi-mode PCNC. Our work offers opportunities
to realize multifunctional devices, paving the way to integrated light sources, filtering, biomedical
sensing and environmental monitoring.

2. Design and analysis

The cavity1 shown in Fig. 1(a) is the schematic of PCNC supporting both air and dielectric modes
in Ref. [24], which consists of an array of circular air holes etched into a silicon strip waveguide.
The taper sections are treated as reflectors to confine both air and dielectric modes by linear
tapering a and r simultaneously with a step of 20 nm from center to both sides (ai= a1+20(i−1),
ri= r1+20(i−1), i increases from 1 to Ntaper). The central mirror sections are designed to make
the air and dielectric modes move deeper into the band edges to achieve slow light enhanced
characteristics. The thickness of the nanobeam is 500nm, and the waveguide width w is chosen
as 1.30µm. The central lattice constant a1 is set as 850nm and r1 is set as 80nm. Here, Ntaper and
Ninner are set as 10, respectively. Details of the design principle and method were discussed in
our previous work [24].

The corresponding transmission spectra calculated by three dimensional finite difference time
domain (3D-FDTD) simulation method are presented in Fig. 1(b), exhibiting PBG, fundamental
(0th-order), and first-order (1st-order) spatial modes. The corresponding calculated electric
energy density (ε·E2) profiles in the xy plane taken at the center of the silicon layer are shown in
Fig. 2(a). And their separate Q-factor, mode volume V(defined as V =

∫
dVε · |E |2/(ε · |E |2)max),

confinement factor f, resonance wavelength λ and refractive index sensitivity S are marked
in the picture correspondingly. As shown, due to the large percent of optical field confined
in narrow space, compared with dielectric modes, smaller mode volumes for air modes are
achieved. The calculated V for 0th-order air and dielectric modes in cavity1 are 1.82(λ/nsi)3

and 1.87(λ/nsi)3, respectively. Here, the Q-factor is evaluated by Q=wcU/P, where wc is the
resonance frequency, U is the electromagnetic energy in the cavity and P is the rate of energy
loss. The cavity loss is composed of the radiation loss into the free space (characterized by
Qr), absorption loss (characterized by Qa) and the coupling loss to the feeding waveguide (Qw).
Thus, the net dimensionless decay rate 1/Q can be written as the sum of three decay rates:
1/Q= 1/Qw+1/Qr+1/Qi= 1/Qw+1/Qi [29]. Qi is the intrinsic loss of the cavity (Qi =1/Qr+1/Qa).
Table. 1 shows the corresponding calculated Qw, Qi and Q. The results indicate that the Q-factors
of the resonance modes here are limited by Qw. In further studies, the Q-factors can be improved
by decreasing the waveguide coupling loss. An appropriate measure of the degree of concentration
of the electricity in the high index region is defined as f =

∫
ε(si) dVε · |E |2/

∫
dVε · |E |2[16]. For

the 0th-order air and dielectric mode, 92.00% and 93.81% of electric field energy are located



Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21766

Fig. 1. (a) Schematic illustration of cavity1 and modified cavities marked as cavity2, cavity3
and cavity4. Detailed descriptions of parameters in the figures can be found in the main text.
For the taper section, both lattice constant and radius are linearly modulated from the center
to both sides. For the inner section in cavity1, the lattice constant and radius are kept as
constant as a1 and r1, respectively. For cavity2, the radius of central mirrors is adjusted to
r. For cavity 3, at the position of half lattice, holes with radius r are added. For cavity4,
central mirrors are displaced along x-direction with distance d. (b) Corresponding calculated
transmission spectra. The yellow frames indicate the modes which are robust against the
structural modification. The arrows indicate the moving tendency of the disturbed spatial
modes.

in silicon respectively, which indicates the different electrical field distributions. Based on the
perturbation theory, the S is related with the resonance wavelength and confinement factor in
air [24]. Here, to demonstrate the different response of air and dielectric modes to external
environmental change, the sensing performance of the resonance modes are shown. By varying
the environmental refractive index, the S of 191.4 nm/RIU and 148.2 nm/RIU calculated by
S=∆λ/∆n are achieved (∆λ the wavelength shift, ∆n the change of refractive index) for 0th-order
air and dielectric modes, respectively. Additionally, the FSR between 0th-order air and dielectric
modes of cavity1 is ∼155.5nm, resulting in a waste of spectrum resources. Therefore, to better
utilize the spectrum resource, the spatial modes should be controlled flexibly to achieve smaller
FSR by modifying the spatial distributions and sizes of air holes in the central mirrors.



Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21767

Fig. 2. Calculated energy density distributions in xy plane for resonance modes in (a)
cavity1, (b) cavity2, (c) cavity3, and (d) cavity4 shown in Fig. 1(b). Q-factors, mode
volume V, confinement factor f, resonance wavelength λ, refractive index sensitivity S, and
symmetries of the modes are indicated in the plot. The symmetry plane is indicated by the
red dashed line.

Table 1. Calculated Qw, Qi, and Q of the resonance modes

Modes
Cavity1 Cavity2 Cavity3 Cavity4

#1 #2 #3 #4 #1 #2 #3 #4 #1 #2 #3 #4 #1 #2 #3 #4

Qw(×104) 1.15 1.82 4.45 1.16 2.69 2.97 2.11 0.93 0.84 1.80 2.96 2.70 2.34 1.71 1.59 1.86

Qi(×105) 6.14 6.86 18.26 9.85 4.44 7.52 12.26 9.60 1.50 3.64 1.37 2.63 4.45 1.56 1.17 3.03

Q(×104) 1.13 1.77 4.34 1.14 2.53 2.85 2.07 0.92 0.80 1.71 2.43 2.45 2.22 1.54 1.40 1.75

Schematics of the modified structures are shown in Fig. 1(a), marked as cavity2, cavity3 and
cavity4, respectively. With the method of modifying the central mirrors, novel photonic crystal
waveguide-based cavities are presented. As expected, with the disturbance of mirror holes, modes
move into the PBG, achieving controllable wavelength of spatial modes. In the following, to
understand the phenomenon, numerical analyses of transmission spectra and electric density
profiles are carried out to evaluate the influence of structure modulations on the Q-factor, FSR,
f, V, S and λ of the multi-mode. Figure 1(b) shows the corresponding calculated transmission
spectra using 3D-FDTD.

For cavity2, the air hole radius of central mirrors r1 are modulated. We can expect that the
0th-order dielectric mode will almost keep unchanged due to the undisturbed field distribution
region. While, for air modes, the field localization region is replaced by high refractive index
material. Therefore, the air modes will be disturbed, moving towards longer wavelength as defect
modes. The calculated transmission is shown in Fig. 1(b) and electric energy density profiles of
modes #1-#4 with r= 0r1 shown in Fig. 2(b) correspond well with our exception. As shown, the
energy spatial distributions of modes #2 and #3 are similar to that of 0th-order air and dielectric
modes in cavity1. While, according to the number of nodes in electric fields, modes #1 and #4
can be hardly treated as 1st -order modes. When the radius of central mirrors is reduced to 0r1,
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mode #3 has a slightly redshift due to the small perturbation. The calculated fraction of mode
energy inside the silicon medium for mode #3 at wavelength of 3.8761µm is ∼92.54%, which
is similar to that of 0th-order dielectric mode in cavity1 (92.59%). According to the calculated
partial Q-factors shown in Table. 1, the Q-factor of mode #3 is decreased due to the increased
coupling loss to the waveguide caused by the removal of central mirrors. Mode #1 and mode
#2 move towards inner PBG with the decrease of r. And compared with air modes in cavity1,
both Q and V values are increased for modes #1 and #2 in cavity2. Compared with modes #1
and #2, mode #4 also has redshift, but the amount is much slighter. This can be explained by
the calculated confinement factors. The calculated confinement factors of modes #1, #2 and #4
are ∼92.92%, ∼92.75% and ∼92.00%, respectively. For dielectric modes, the values are almost
keep unchanged, while, for air modes, the increments are significant. Similarly, for modes #1
and #2, the f variations also induce the decrease of S compared with the air modes in cavity1.
Additionally, the FSR between modes #2 and #3 is ∼79.6 nm when r= 0.0r1.

For cavity3, air holes with radius r are added at the positions of half periods, making the
fields of the dielectric modes confined in the low refractive index region. Therefore, compared
with cavity2, the moving tendency of the spatial modes are opposite. As shown in Fig. 1(b), by
adding air holes with radius 0.5r and 1.0r, the resonance wavelength of mode #2 almost keeps
unchanged. While, the disturbed dielectric modes #3 and #4 move into the PBG with the increase
of r, due to the decrease of effective refractive index. The principle and analysis are similar to
cavity2. Due to the increase of field confinement in air holes, the refractive index sensitivities for
modes #1–4 in cavity3 are comparable with mode #2 in cavity1. The calculated confinement
factors of modes #1, #2, #3 and #4 are ∼90.99%, ∼91.57%, ∼91.40% and ∼91.05%, respectively.
As expected, for modes #3 and #4, the confinement in low refractive index is increased compared
with the dielectric modes in cavity1. While, for mode #2, the calculated result almost keeps
stable compared with the fundamental air mode. The FSR between modes #2 and #3 is ∼80.6 nm
when r= 1.0r1.

For cavity4, the air hole positions of central mirrors are modulated by shifting by a distance
(d) along x-direction from the original lattice position. As shown in Fig. 1(b), displacing 0.25a1
and 0.5a1 provide a small influence on the resonance wavelength of modes #1 and #4, showing
robustness against the structural modification. According to the energy density distributions, for
cavity4, modes #1 (symmetric) and #4 (anti-symmetric) are the 0th-order air and dielectric modes,
respectively. While, for cavity1, 0th-order air mode (mode #2) and dielectric mode (mode #3) are
anti-symmetric and symmetric modes, respectively. Therefore, the symmetrical properties of
0th-order air and dielectric modes in cavity1 and cavity4 are opposite. In addition, according to
the number of nodes in energy density profiles, mode #2 and mode #3 are the 1st-order air and
dielectric modes, respectively. Modes #2 and #3 appearing in PBG move towards each other
with the increase of d. As shown, the shifting distance may increase transmission loss obviously
when the distribution of holes breaks the balance of multiple interferences. The FSR between
modes #2 and #3 is ∼31.6nm when d= 0.5a1.

3. Fabrication and results

The devices were fabricated from SOI wafers with a 500nm thick Si device layer and 2µm thick
buried oxide. Electron beam lithography (JEOL JBX-6300-100kV) was performed using ZEP
520A resist spun at 6000rpm. The beam current we choose was 5nA, and an exposure dose of
300µC/cm2 was used. The resist is developed with n-Amyl acetate developer and rinsed with
IPA/MIBK. Reactive ion etching of the exposed Si regions was performed with C4F8, SF6 and
Ar process gases. The light is coupled into the bus waveguide by the TE subwavelength grating
(SWG) coupler, then passes through the PCNC, and finally gets directed out by the other grating
coupler. The measurements were performed using a linearly polarized continuous wave tunable
MIR laser (3.64–4.00µm) and detector.
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Usually, the in-line waveguide direct coupling PCNC has low transmission in experiments
due to the large mirror strength of the high Q cavity and fabrication errors, which is rather hard
to be measured. While, for the side-coupling scheme, because the light that is not resonant in
the PCNC is transmitted through the side-coupler, the transmission spectrum is characterized
by a high-intensity baseline and resonance dips. While, for our investigated PCNC supporting
both air and dielectric modes, the characteristics of the coupled air and dielectric modes under
parallel straight waveguide coupling and arc waveguide coupling conditions have not yet been
investigated. Therefore, in the following, we experimentally study the PCNC from two aspects,
one is the side coupling characteristics, the other is the controlling of spatial modes by modifying
the central periodical mirrors.

3.1. Coupling

Firstly, we compare the in-line coupling cavity1 and two side coupling configurations (parallel
straight waveguide and arc waveguide coupling) that enable evanescent coupling of light from the
side coupling waveguide into the PCNC. Figure 3 shows the scanning electron microscopy (SEM)
images (top image, xy plane) of the fabricated PCNCs with different coupling configurations, and
the corresponding measured transmission spectra for cavity1 normalized to the strip waveguide
structure. The coupling gap is set as 200nm. And for the arc-coupling structure, the radius of the
S bends is 10 µm.

Fig. 3. Measured transmission spectra of the (a) in-line coupling, (b) parallel straight
waveguide coupling and (c) arc waveguide coupling PCNC (cavity 1), and the corresponding
SEM images.

For the in-line coupling cavity1, the experimental fundamental air and dielectric modes exhibit
Q-factor of 5592 and 4302 at resonant wavelength of ∼3.7035µm and 3.8677µm, respectively,
obtained by fitting to a Lorentz profile. The insertion losses for both modes are ∼16 dB. The
fabrication-induced difference and random roughness (such as imperfect circular holes, rough
sidewall and lag effect) are possibly the reason for the discrepancy between the fabrication
batches with Ref. [24]. For direct waveguide side-coupling, the measured resonant wavelengths
show significant red-shift compared with the in-line direct coupling results. Such discrepancies
are mainly attributed to the fabrication-induced lag effect due to the narrow coupling gap. The
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insertion loss is about 9dB at wavelength of 3.8µm. The ER for dielectric mode is ∼25dB, while
for air mode, it is ∼8dB. Compared with the side-coupled 0th-order air mode, with the coupling
gap of 200nm, the coupled 0th-order dielectric mode achieves lower measured Q and higher
ER. With the increase of gap, the Q-factor of dielectric mode will increase, while air mode may
be disappearing. This is because the radiation loss is much larger for air mode compared with
dielectric mode caused by side-coupling with a parallel straight feeding waveguide. Thus an
optimized side-coupling manner is indispensable to keep high Q-factors with high ERs for both
modes.

Compared with the experimental results shown in Fig. 3(b) and (c), Fig. 3(a) illustrates the
advantages of the bend side-coupled PCNC design. The experimental Q-factors of 1963 and
1447 are achieved at the resonance wavelength of about 3.711µm and 3.868µm by Lorentz fitting
for 0th-order air and dielectric modes. Compared with in-line coupling, the measured Q-factors
are decreased due to the increased coupling loss. The insertion loss is ∼5 dB at wavelength of
3.8µm, which is lower than the parallel straight waveguide coupling and direct in-line coupling.
This will make the measurement easier. Compared with the reported side coupled nanobeam
cavities in the near-infrared wavelength range [28–30], here the relatively large insertion loss
is likely due to the three reasons: (1) material absorption of the SiO2 substrate, (2) scattering
loss because of fabrication imperfection, and (3) contamination of the waveguide surface. The
ERs for both modes are similar ∼11dB. This is because the incident light must traverse the entire
PCNC, including all of the mirror segments, before a transmission measurement can be made
using the parallel side-coupled configuration. While, in the bend side-coupled configuration,
the transmission intensity does not suffer from increased mirror strength, since light is coupled
directly into and out of the central cavity region of the nanobeam. Besides, the measured FSR
between the 0th-order air and dielectric modes is ∼150 nm, which corresponds well with the
simulation result in Fig. 1(b). We expect that the investigated structures here can be further
exploited in application toward highly efficient coupling between other types of advanced photonic
devices.

3.2. Modifying of cavities

To further demonstrate the characteristics of spatial modes in PCNCs shown in Fig. 1(b), normal
PCNC (cavity1) and the PCNCs with removed, doubled and shifted central periodical mirror
holes (cavity2, 3 and 4) with arc feeding waveguide side-coupling structures are fabricated as
shown in Fig. 4(a). The corresponding measured transmission spectra are shown in Fig. 4(b).
Note that to achieve high ER defined by the ratio between the on- and off-resonance transmission,
the coupling gaps for all PCNCs here are set as 200nm. As expected, the moving tendency
of the resonance modes corresponds well with the calculated results shown in Fig. 1(b). As
shown in Fig. 4(b), there are multiple resonator dips in the wavelength range of 3.65 to 3.95µm.
And PBG is displayed in the transmission spectra of cavity1. While, for cavity2, 3 and 4 with
disturbed central mirrors, spatial modes localized near PBG edges will be disturbed, moving into
PBG. Lorentz fittings of the resonance modes are performed to reveal the measured resonance
wavelengths, ER and Q.

With the removal of central mirrors (cavity2), the resonance wavelength of fundamental
dielectric mode #3 almost keeps unchanged, achieving experimental Q-factor of 1717 at the
resonance wavelength of ∼3.870µm. For mode #2 arising in PBG at the resonance wavelength of
∼3.796µm, measured Q-factor of 2472 is obtained. The achieved Q-factors are higher than the
fundamental air and dielectric modes in cavity1. And the insertion losses for modes #2 and #3
are ∼8.8 dB and 9.9 dB, respectively. The experimental FSR between these two modes is ∼74 nm.
With the double periodical central mirrors (cavity3), the wavelength of fundamental air mode
#2 has a slightly blue shift compared with the simulation results due to the fabrication errors.
Experimental Q-factor of 2203 is achieved at the resonance wavelength of ∼3.773µm. While, for
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Fig. 4. (a) SEM images of the fabricated structures for cavity1, cavity2 with r= 0.0r1,
cavity3 with r= 1.0r1 and cavity4 with d= 0.5a1. (b) Measured transmission spectra.

mode #3 arising in PBG at the resonance wavelength of ∼3.852µm, higher experimental Q-factor
of 3439 is achieved. And the insertion losses for modes #2 and #3 are ∼8.5 dB and 8.8 dB,
respectively. The FSR between these two modes is ∼79 nm. With the half period shift of the
central mirrors (cavity4), both fundamental air mode #1 and dielectric mode #4 move away from
the PBG. And higher-order modes #2 and #3 arise in PBG. The experimental Q-factors of 3698
and 3122 are achieved at the resonance wavelength of ∼3.773µm and 3.799µm for higher-order
air and dielectric modes, respectively. And the insertion losses for air and dielectric modes are
∼5.2 dB and 7.2 dB, respectively. The FSR between these two modes is ∼27 nm.

According to the analysis of the experimental results, we find that the experimental results
correspond well with the simulation results, and the defect modes showing in PBG introduced
by the modifying of central mirrors achieve higher Q-factor compared with the modes confined
around PBG edges. Controlling method to modify both fundamental air and dielectric modes
simultaneously or independently with determined resonance wavelengths and high Q-factors
is demonstrated, achieving flexible controlling of FSR in PCNC. On this basis, cascaded side
coupled cavities can be used to further increase the spectra information and utilization. For
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instance, cavity2 and cavity3 as illustrative example of the proposed flexible approach is shown in
Fig. 5. As expected, six separated resonances (modes #1, #2, #3 in cavity2 and modes #2, #3, #4
in cavity3) at different wavelength are observed which correspond well with the resonance modes
in a fabricated single cavity. Additionally, for modes in cavity2, the main located position of
field distributions are high dielectric material. While for caivty3, they are mainly located in the
low refractive index region. Therefore, due to the distribution differences and multi-mode, the
combined structure can be applied as multi-function device with high accuracy, such as sensing
and lasing.

Fig. 5. Measured transmission spectra and SEM image of the fabricated cascaded structure
of cavity2 and cavity3.

4. Conclusion

In conclusion, we mainly study the controlling of spatial modes in PCNC by modifying the size,
period and position of central periodical mirrors to realize efficient spectrum utilization. Based
on the simulation and experimental results, the wavelength of spatial modes can be controlled
flexibly with high Q-factor and ER. Additionally, the experimental results show that the insertion
loss of the spatial modes for in-line coupling, parallel coupling and arc coupling are 15dB, 9dB
and 5dB, respectively, showing the advantage of arc waveguide side coupling. We expect that
investigated engineering method can be further exploited to improve spectral utilization for
application toward multi-function devices based on integrated PCNCs.
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