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Abstract A two-dimensional photonic crystal waveguide

with thermally tunable photonic bandgap is proposed. The

tunability of the photonic bandgap is achieved by the

temperature dependence of the refractive index of the slab.

A hexagonal lattice with a lattice shift is used as a two-

dimensional photonic crystal waveguide. The shift of the

innermost rows just adjacent to the waveguide resulted

with a larger bandgap. To study the temperature depen-

dence of PBG, the refractive index variations are consid-

ered over the temperature range of 100–400 K. The

bandgap is controlled by the temperature of the slab, and

the photonic bandgap values ranging from 24 to 58 nm are

achieved. The work is extended in the communication

bands including O-band, E-band, S-band, C-band and

L-band. The simulations are performed in MIT Photonic

Bands software. Thermally tunable optical filters, wave-

length routers, optical interconnectors and temperature

sensors can be realized from these results.

Keywords Photonic crystal waveguides � Tunable

photonic bandgap � Optical filters � MPB method

Introduction

The growth in computational power demands compact and

on-chip optical interconnectors, optical filters, switches and

optical routers. Due to the properties like maximum con-

finement of light, compact size and working frequency,

photonic crystal waveguides (PCW) are becoming a better

choice for various light controlling applications [1].

PCWs are the periodic structures that possess photonic

bandgap (PBG) and behave as an insulator in the forbidden

frequency bands [2, 3]. PBG of a PCW originates from

destructive interference of multiple reflections of light, and

this is due to its geometry and refractive index (RI) of the

material from which it is fabricated [2]. They have received

enormous interest from the scientific community due to

their light controlling abilities in second harmonic gener-

ation, third harmonic generation, routing of electromag-

netic radiation, slowdown of light, optical interconnectors,

optical switches and wavelength filters [4–10]. Compact

size and fabrication methods from the existing technologies

made them popular in light controlling applications

[11–13]. In recent studies, it is found that the tuning of

PBG can enhance these light controlling applications

[14–17]. These studies resulted in tunable PBG for differ-

ent applications like optical interconnectors, terahertz fil-

ters, optical shutters, reflectors, wavelength-tunable lasers

and sensors [14, 18–23]. Yet, till the recent past, PBG

remains unaltered.

The tuning of the PBG can be done either passively or

actively. If the desired PBG is achieved via altering the

geometry, RI of the material and profile of the RI, then it is

called passive tuning. In this method, once the structure is

fabricated, the PBG is fixed. These methods limit the

devices as static devices. On the other side, using methods

like external electric field, magnetic field, incorporating

liquid crystals (LC) and changing waveguide’s temperature

can cause slight changes in the RI of the material and shifts

the PBG up to desired range. This is active tuning of the

PBG and has potential applications in the real-time light

controlling devices.
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In the recent past, tunability of the PBG was achieved by

the arrangement of layers of one-dimensional PC in dif-

ferent types of quasi-periodic sequences which resulted

with tunable PBG in the terahertz region for various

applications [23]. In these structures, grading RI profile and

temperature effects were adopted to achieve tunability.

This is also achieved in one-dimensional photonic crystals

(PC) using linear graded-index materials [24]. Here, max-

imum contrast in the RI results in higher bandwidths.

Recently, the geometry of the PC structure is altered by

lithographic techniques to achieve tunability of PBG [25].

In this method, a laser wavelength was tuned from 1500 to

1625 nm using a monolithic semiconductor wafer as the

active medium. Geometrical width of the PCW is altered to

achieve the tuning of the waveguide modes [26].

Even though the above methods are tuning the PBG,

they provide limited applications due to passive tuning.

PCs made of ferroelectric, ferromagnetic and ferrimagnetic

materials offer considerable active tuning of PBG in the

moderate external electric or magnetic field [27]. Tunable

PBG was achieved by inserting LCs and single-crystal

KTaO3 in the PC matrix and upon applying heat or external

electric field [14, 15, 18, 22]. Tuning was attained in

omnidirectional terahertz range PCs by external tempera-

ture effect [19]. The tunability was realized from the

temperature dependence of the constituent semiconductor

and dielectric elements. With the effect of temperature on

free carrier charge density and by the density of dopants,

tunability of PBG was reported [28]. By the external con-

trol of temperature, even the PBG can be closed in this

method. However, among all the methods, thermal tuning

of the PCW provides relatively larger tunability in the PBG

and efficiency in tuning. Even though these methods pro-

pose tunability of PBG structures, yet this remains a less

explored area.

In the present work, we report the thermal tuning of the

PBG in a two-dimensional lattice-shifted hexagonal-based

PCW. The shift in PCW is generally used to establish the

dispersion engineering. Here, this method was used to

enhance the PBG for wavelength filtering application. The

tunability was achieved by thermal tuning of the RI of

Gallium Arsenide (GaAs). Temperatures ranging from 100

to 400 K were considered for this purpose. In most of the

recent results one-dimensional PC and PCW were tuned

using thermal methods to achieve the tunable PBG. In two-

dimensional PC and PCW, using LC resulted in the tuning.

In the present work, thermal tuning was directly imple-

mented in two-dimensional PCW for tunable PBG. Rela-

tively larger temperature ranges were used than the existing

results. Simulations are performed in MIT Photonic Bands

(MPB) software (open source) on Ubuntu platform. This

work attained the PBG ranging from 24 to 58 nm with a

tuning range of 20–34 nm in the communication bands.

These studies can lead to the development of thermally

active wavelength filter using PCW.

Theory and methods

(i) Tuning of RI

As per thermo-optic effect, the RI of a material alters as

a function of temperature. McCaulley et al. [29] discussed

the temperature dependence of the RI of GaAs in the near-

infrared region, which is given by

n Tð Þ ¼ n Tref

� �
� exp T � Tref

� �
b

� �
ð1Þ

where n(T) represents the RI of GaAs at temperature T,

n(Tref) is the RI of GaAs at a reference temperature Tref and

b is the thermo-optic coefficient of GaAs. Here, for all the

wavelengths, Tref is chosen as 300 K and b is taken as

2.25 9 10–4 K-1. Using Eq. (1), the RI of GaAs is calcu-

lated in the range of 100–400 K temperatures in the near-

infrared regions including O-band, E-band, S-band, C-band

and L-band with central wavelengths 1.31, 1.41, 1.50, 1.55

and 1.59 lm, respectively. The plot in Fig. 1 shows the

variation of RI against the chosen temperature range at

different communication bands.

These calculated RI values are used during the simula-

tions in MPB. The simulations are performed to calculate

the band positions and the PBG of the lattice-shifted PCW.

(ii) Modes in PCW

Although PC and PCW structures are mixed dielectric

media, propagation of light in them obeys the well-known

macroscopic Maxwell’s equations. Different regions of a

PCW with homogeneous dielectric material can be mapped

with a position vector r!. To solve such equations for PCW

Fig. 1 Variation of RI of GaAs with the temperature at different

communication bands
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structures, one can consider the following assumptions

including no free charge carriers or currents are present

inside the structure, it doesn’t vary with time, the field

strengths are small and the medium is lossless. By these

assumptions, one can modify the Maxwell’s equations and

find the electric and magnetic fields associated with the

structure.

In general, these fields depend on both space and time.

However as the Maxwell’s equations are linear, the time

dependence can be separated from the spatial dependence.

It results the equations for light propagation in PCW

structures and those are known as harmonic modes or states

of the system. For obtaining the fields with spatial depen-

dence only, one can write the harmonic modes as complex-

valued fields and then pick-up only the real part. By writing

the harmonic mode as a product of spatial pattern and a

complex exponential, it is given by [30]

H~ r~; tð Þ ¼ H~ r~ð Þe �ixtandE~ r~; tð Þ ¼ E~ r~ð Þe �ixt: ð2Þ

Substituting the above equations in Maxwell’s equations

and solving them result with fields in spatial domain, given

by [30]

r� E
!

r!
� �

� ixl0H
!

r!
� �

¼ 0 andr� H
!

r!
� �

þ ixe0e r!
� �

E
!

r!
� �

¼ 0: ð3Þ

By coupling the above two equations and eliminating

E
!

, one can get an equation containing only H
!

which is

given by

r� 1

e rð Þr � H
!

r!
� �� �

¼ x
c

� 	2

H
!

r!
� �

: ð4Þ

Due to the symmetry in PCWs, the electromagnetic

modes can be written as Bloch states. To adopt the Bloch’s

theorem, a periodic function u~ r!
� �

must be defined and it is

considered here as u~ r!
� �

¼ u~ r!þ R~
� �

for all lattice vec-

tors R~. And then the existing Bloch state in the structure

can be written as H~ r~ð Þ ¼ exp ik~ � r~
h i

u~ r~ð Þ. By substituting

this expression in Eq. (4) and solving, one can calculate the

eigenstates existing in the PCW. In the present case, MPB

is used on the Ubuntu platform for performing the simu-

lations. Similarly, one can eliminate H
!

from Eq. (3) and

obtain an equation consisting only E
!

.

(iii) Geometrical parameters of the structure

The proposed structure is designed aiming tunable PBG

with controlled dispersion. The propagation of waves in a

medium depends on the dispersion. The dispersion in

waveguides can be controlled by tailoring its geometry

[31]. With this idea, the geometrical parameters are chosen

to control the dispersion that exists in PCW. The existing

literature suggests that the radius of air cylinders (r) in the

range of 0.22a–0.28a with slab thickness (h) of 0.4a–

0.5a provides control over dispersion [32, 33] where ‘a’ is

the lattice constant of the structure. Though varying the air

cylinder radius results in the modification of the dispersion

curve, controlling the radius of air cylinders and producing

systematic variations are difficult. Displacement in the row

of air cylinders also provides dispersion control and can be

useful in developing slow light PCW [32, 33]. Also, the

displacement of air cylinders is preferable over the varia-

tion of their radius. This lattice-shift factor (s) can be in the

range of 0.12a–0.18a [32, 33].

As the displacement of the row of air cylinders is also

affecting the PBG, to select the suitable displacement

factor, simulations were performed at 1310 lm wavelength

and considering the PCW at 300 K temperature. Figure 2

shows the variations in the PBG of the proposed structure

with a lattice shift. This study suggests that the increase in

lattice shift offers larger PBG. Hence, the lattice-shift

factor (s) is chosen as 0.18a.

(iv) Studying the tunability of PBG

To study the temperature effect on the PBG, the PBG of

the proposed structure is calculated at temperatures ranging

from 100 to 400 K in the communication bands. For doing

this, using Eq. (1) the RI values and the dielectric constants

of GaAs are calculated at the chosen temperature range.

These values are used in the simulations performed in

MPB. From the obtained results, the band diagram of the

structure is plotted. With these data, the PBG of the PCW is

calculated at every temperature step. The shift in bands due

to temperature is plotted at different communication bands.

To realize the structure at different communication bands,

the lattice constant values are calculated and the corre-

sponding eigenwavelengths are determined. The effect of

Fig. 2 Variation of PBG with lattice shift. This is performed at

1310 lm wavelength and 300 K temperature
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temperature on PBG is plotted at these calculated lattice

constants.

Schematic of the waveguide

For achieving the tunability of the PBG in the PCW, a

symmetrical PCW with hexagonal lattice is considered.

Seven rows of air cylinders are considered on both sides of

the line-defect. This defect structure can confine the light

that propagates through it, whose frequency is within the

range of the PBG. The geometrical parameters of the slab

including thickness (h), radius of air cylinders (r) and width

of the line-defect (w) are chosen as 0.383a, 0.25a and

0.86a, respectively. The innermost row of the air cylinders,

just adjacent to the line-defect are moved away by

0.18a for achieving larger PBG. The schematic of the

proposed structure is shown in Fig. 3.

The micro-heater plates can be connected to an elec-

tronic driving circuit to keep the slab at a particular tem-

perature. This induces the change in RI of the slab via

thermo-optic effect, and the tuning of the PBG can be

observed.

Results and discussion

(i) Bandgap of the structure

The simulations performed in MPB resulted with

eigenfrequencies and band positions of the structure. Using

these data, the band diagram is obtained for the proposed

structure. Initially, the studies are performed at the tem-

perature of 300 K. The band diagram of the proposed

structure is obtained at wavelengths 1.31, 1.41, 1.50, 1.55

and 1.59 lm corresponding to O-band, E-band, S-band,

C-band and L-band, respectively. Figure 4 shows the band

diagram of the proposed lattice-shifted PCW structure at

1.55 lm wavelength and 300 K temperature.

The obtained results show that the bandgap for this

structure exists between band 16 and 17. Similarly, the

simulations are performed at other chosen wavelengths to

obtain the band structure.

Table 1 shows the bandgap of the structure at 300 K

across various communication bands.

By calculating the lattice constant of the structure, one

can get the absolute value of the PBG. Obtained eigen-

frequencies, eigenwavelengths and bandgap conforms the

presence of PBG in the near-infrared region. For the above

structure, the lattice constant varies in the range of

440–520 nm to observe bandgap in the near-infrared

region. Existing technology supports the fabrication of

PCW with these geometrical parameters [33].

(ii) Tuning the PBG

Simulations are performed to study the effect of tem-

perature on PBG and tunable photonic structures. For this,

the temperature range is chosen as 100–400 K. Using

Eq. (1), the RI of the GaAs slab is calculated at wave-

lengths 1.31, 1.41, 1.50, 1.55 and 1.59 lm. And these

calculated RI values are used during the simulation. The

positions of band 16 and band 17 are noted at every

Fig. 3 The proposed lattice-shifted waveguide with hexagonal lattice. a Top and side view of the structure. b The proposed structure with micro-

heater plates for temperature control

Fig. 4 Band diagram of the PCW at 1.55 lm wavelength and 300 K

temperature
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temperature interval and at selected wavelengths. As

expected, the bands are shifting with temperature. Using

these data, the bandgap is calculated and confirmed the

shift in PBG with temperature. As we are interested in the

positions of band 16 and band 17, only these two bands are

plotted against the k-index of the structure at different

temperatures. For instance, Fig. 5 shows the variations of

band 16 and band 17 at 1.55 lm wavelength with

temperature.

From these data, the bandgap of the structure is calcu-

lated at every temperature interval and at selected wave-

lengths. The change in bandgap is observed with

temperature and Fig. 6 shows these variations.

The PBG arises from the geometry of the PCW. To

study the effect of the thermal expansion on the PBG, the

structure is simulated without and with considering thermal

expansion of the material. It is found that thermal expan-

sion of GaAs doesn’t affect the PBG as it is negligible in

the magnitude. Yet, for other materials, thermal expansion

may also affect the PBG with temperature. Therefore, shift

in the bandgap in the present case is due to the changes in

the RI, which is emerging from the thermo-optic effect.

Hence, a plot is drawn to integrate the changes in the

bandgap with the RI variations and it is shown in Fig. 7.

(iii) Calculating the lattice constants

As the obtained results are having the units in terms of

‘c’ and ‘a,’ for realizing the structures, lattice constant

values are calculated. Table 2 shows the PBG of the

structures at different temperatures with calculated lattice

constants.

Figure 8 shows the variations in the PBG with the

change in temperature for the above calculated lattice

constant values. At the lower temperatures, these bandgap

Table 1 PBG of the structure at 300 K temperature

Communication band Position of band 16 (units of c/a) Position of band 17 (units of c/a) Bandgap (units of c/a)

O-band (1.31 lm) 0.316727 0.32806 0.011333

E-band (1.41 lm) 0.31817 0.329353 0.011183

S-band (1.50 lm) 0.319227 0.33007 0.010843

C-band (1.55 lm) 0.319714 0.330506 0.010792

L-band (1.59 lm) 0.320078 0.330831 0.010753

Fig. 5 Shift in the position of bands with temperature at 1.55 lm wavelength: a Band 16 and b Band 17

Fig. 6 Shift in bandgap with change in temperature
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variations are very sharp and at the higher temperatures,

the change is relatively small.

It is clear that the bandgap is increasing with the rise in

temperature. Here, the lattice constant values are carefully

selected so that the desired bands fall in the communication

bands and confine the desired wavelengths. However, it is

essential to investigate different methods for quick heating

and cooling of the structure to use it in the applications like

filtering and routing of the wavelengths. This PCW can

also be used as a temperature sensor with a relatively larger

response time, which may limit its applications in real-time

temperature monitoring.

(iv) Dispersion analysis

The inverse of the first-order dispersion is referred as

group velocity. And the group index is a measure of group

velocity of light in the waveguide. Figure 9 shows the

variation of group index with wavelength, calculated at the

band 16 of the waveguide at different temperatures. Sec-

ond-order dispersion (b2) was calculated using the group

index and is plotted in Fig. 10. The nonlinear behavior and

Fig. 7 Variation of bandgap with RI of the slab

Table 2 PBG of the structure at different communication bands and at different temperatures

Temperature (

K)

Calculated PBG (nm)

a = 440 nm and in

O-band

a = 460 nm and in

E-band

a = 485 nm and in

S-band

a = 500 nm and in

C-band

a = 520 nm and in

L-band

100 32.71 28.26 25.24 24.52 24.49

150 40.88 41.68 39.71 38.76 38.63

200 43.23 44.13 44.74 45.74 47.28

250 45.60 46.60 47.31 48.39 50.03

300 47.99 49.09 49.91 51.07 52.80

350 50.40 51.60 52.52 53.75 55.60

400 52.82 54.13 55.15 56.47 58.42

Fig. 8 Variation of bandgap with change in temperature at different

wavelengths and lattice constants

Fig. 9 Variation of group index with wavelength at different

temperatures
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the dispersion characteristics of the waveguide can be

estimated from these graphs.

From Fig. 10, it can be observed that the magnitude of

b2 is of the order of 10–22 s2/m or of the order of ps2/mm,

which is an acceptable range for the applications based on

PC and PCW. In all the communication bands and at all the

temperatures, the b2 is in the permissible range. This

confirms the possible application of the wavelength filter-

ing with low dispersion at the selected communication

band.

Conclusions

In conclusion, we have shown that the PBG of a two-

dimensional PCW can be tunable using thermo-optic

effect. This is resulted with tunable PBG ranging from 24

to 58 nm with a shift of about 34 nm. Tunability is

achieved by introducing temperature dependence of RI of

GaAs in the range of 100–400 K. The tunable structures

are developed for all communication bands. To realize the

effect of temperature, the PBG is plotted against the tem-

perature of the PCW. For realizing the structure, the lattice

constants are calculated for all communication bands. The

dispersion analysis confirms the lower dispersion at the

selected wavelengths. These tunable PBG structures can be

used in optical filters, wavelength routers, optical shutters,

dynamic detectors and interconnectors. This may also help

in the development of on-chip integrated circuits due to

their small size and material compatibility.
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