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Abstract—Considering the compensation of thermo-optic coeffi-
cients (TOC) between GaN-based cavity and TiO2 photonic crystal
(PhC) layer, we have theoretically designed a photonic crystal
surface emitting laser (PCSEL) with temperature-insensitive wave-
length. The structure includes a freestanding GaN membrane with
embedded multiple InGaN/GaN quantum well (QW) layer and the
top TiO2 PhC layer. The high refractive index (RI) of PhC and
the freestanding membrane cavity structure cooperate to enable a
stronger field-coupling in PhC, thus fulfill the athermal coupling
condition. Interestingly, the wavelength temperature dependence is
only 0.0015 nm/°C for such PCSEL with a 82% PhC confinement
factor, and its athermal property is proportional to the field con-
finement factor in TiO2 PhC layer. To illustrate, a general formula
has been developed after the investigations of thermo-optic effect
and thermal expansion effect.

Index Terms—Temperature-insensitive wavelength, PCSEL,
TiO2 photonic crystal, thermo-optic effect, thermal expansion.

I. INTRODUCTION

S EMICONDUCTOR lasers with either bulk or quantum well
(QW) active regions suffer from poor temperature stability

due to self-heating and variation of the ambient temperature. For
example, the lasing threshold increases and the power efficiency
decreases exponentially with the increasing temperature [1].
While the stable lasing threshold and power efficiency can
be realized by material designs and QW dopings [1]–[4], the
lasing wavelength is still quite sensitive to the temperature. For
instance, it has been proved by experiments that the wavelengths
of a Fabry–Perot type GaN blue laser have linear red shifts with
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temperature by 0.0149 nm/°C [5]. Nevertheless, the wavelength
stability is an essential feature required for semiconductor lasers.
In order to maintain a good performance for semiconductor
lasers, the thermoelectric cooling device is always necessary
to stabilize the temperature, which also complicates the system
integration. Therefore, it’s desired to have a function of self-
contained wavelength stability to miniature the laser modules
for low-cost, small volume and flexible packaging requirement
in various applications.

Several solutions have been proposed to realize wavelength
stability in optical structures. One straightforward method is to
employ materials with negative thermo-optic coefficient (TOC)
to compensate the positive ones. For example, negative TOC
materials such as liquid or polymers have been successfully used
to realize stable resonant wavelength of photonic crystal (PhC)
cavities [6], [7] and micro-ring resonators [8]–[10]. Such method
is also feasible for designing temperature-insensitive lasers,
for instance, our PCSEL design here and the vertical cavity
surface emitting laser (VCSEL) reported by V. A. Shchukin
et al. [11]. However, different from those passive components,
achieving wavelength stability in lasers is more challenging and
rarely reported, because of the strict lasing conditions, including
the requirements of refractive index (RI), high mode quality
factor and coupling strength in gain media. Another method
is using temperature-insensitive bandgap material [12]–[14].
There are some reports to control the wavelength drift by us-
ing two resonances with sub-wavelength insertions of different
materials [15] or tilted resonant cavity [16]. Moreover, Andrei
P. Bakoz reported a kind of ambient-temperature insensitive
wavelength hybrid laser [17]. This method only compensates
the low ambient-temperature by tuning the laser wavelength via
nonlinear absorptive heating in the laser cavity. It is necessary to
ensure the wavelength stability even at high temperatures over a
large range, because of the inevitable heat produced by the laser
itself.

In this work we theoretically designed a GaN based
wavelength-stable photonic crystal surface emitting laser. The
lasing wavelength of PCSEL is a cavity feature whose resonance
varies with material refractive indices. As thermo-optic coeffi-
cient for traditional semiconductor PCSEL materials are positive
[18], [19], it is an effective and feasible way to select a cladding
with negative TOC, to realize a stable lasing wavelength of
PCSEL. Meanwhile, the proper design of the gain structure
can ensure low loss mode oscillating. In our design, TiO2 PhC
layer which has negative TOC is employed as the top cladding
layer in order to realize TOC compensation of the cavity. On the
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Fig. 1. (a) The configuration of the GaN membrane surface emitting laser on silicon platform combined with a TiO2 PhC layer; (b) the top view of TiO2 PhC
square lattice layer; (c) the impact of GaN membrane back thickness (tn), PhC layer thickness (t) and hole radius (r) influence on the confinement factors; (d) the
optical field confinement factors changing with the QW numbers.

other hand, a freestanding GaN active membrane is incorporated
to provide desired mode distribution strength in the PhC and
active media. The freestanding membrane featured with air as
the bottom cladding layer of the resonant cavity, enables high
field confinement factor in TiO2 PhC layer. Thus the negative
TOC compensation effect of TiO2 to positive TOC GaN based
cavity could be promoted. Based on this configuration, the stable
effective refractive index (ERI) condition and low loss mode
resonance in PhC and active media are satisfied simultaneously,
to realize GaN-based laser exhibiting a temperature-insensitive
resonant wavelength.

II. LASER DESIGN AND ATHERMAL PROPERTIES

In order to obtain high field coupling strength, the GaN-
based active membrane with multi-quantum wells (MQWs) is
combined with a top TiO2-based PhC layer, as shown as the
schematic diagram in Fig. 1(a) and (b). The laser cavity structure
is composed of square lattice TiO2 PhC layer with thickness t,
lattice constant a, hole radius r, p-GaN layer with thickness tp,
n-GaN layer with thickness tn, QW pair numbers n, a pair of
QW is InGaN 3 nm / GaN 10 nm.

TiO2 is a stable and widely used material, which has been
successfully integrated in CMOS devices and micro-nano fabri-
cated structures [20]–[23]. The RI of TiO2 is about 2.55 around
450 nm wavelength with a negligible absorption [20]–[22]. Such
high RI is beneficial to the PCSEL’s design which can regulate
the mode distribution and further obtain a high confinement
factor in the PhC layer. More importantly, TiO2 has a negative
thermo-optic coefficient of ∼-3 ×10−5 K-1 at 450 nm wave-
length [24], [25]. In fact, there have been reports of using TiO2

as the RI compensation material to realize athermal silicon based
micro-ring resonators [26], [27]. The proposed configuration can
be fabricated through GaN-on-silicon platform. The fabrication

of freestanding structure on GaN-silicon platform is a mature
technology which has been widely reported in LED radiation
pattern [28], [29] and enhance light extraction [30], [31]. TiO2

micro-nano structure etching is compatible with GaN, it has been
used as high contrast grating reflector in GaN-VCSELs [32].
After PhC fabrication and photoresist protection, the backside
lithography aligned with the top PhC layer, is performed to
guarantee the freestanding configuration. Then, back-etching is
used to remove silicon substrate and thin III-V compound. In this
step, all of AlN/AlGaN buffer layer and part of n-GaN layer are
removed. AlN/AlGaN layer is traditionally adopted to buffer the
lattice mismatch in silicon-GaN platform. By proper membrane
back-thinning, the mode distribution can be effectively and
conveniently controlled.

The wavelength drift induced by thermo-optic effect can be
expressed as (1) [10], [26],

dλ

dT
=

λ0

Ng
× dNeff

dT
(1)

where T is the temperature, λ0 is the resonant wavelength, Neff

is the ERI of the membrane structure, Ng is the group index of
the whole membrane and can be expressed as (2),

Ng = Neff − λ0 × dNeff

dλ
(2)

dNeff

dT is calculated by (3),

dNeff

dT
= ΓPhC

∂nTiO2

∂T
+ ΓGaN

∂nGaN

∂T
(3)

where ΓPhC and ΓGaN are the field confinement factor in TiO2

PhC layer and GaN membrane respectively. Based on (1)−(3),
the wavelength stable condition (athermal condition) is written
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as (4),

ΓPhC
∂nTiO2

∂T
+ ΓGaN

∂nGaN

∂T
= 0 (4)

because the thermo-optic coefficient of GaN [33], [34] is ∼1.5
×10-4 K-1, the athermal condition for the designed PCSEL
should be

ΓPhC

ΓGaN
=

1.5 × 10−4

3 × 10−5 = 5 (5)

The field confinement factors ΓPhC and ΓGaN, and the gain
threshold gth are the most important indicators for PCSEL
design. These indicators can be mainly optimized by the param-
eters of t, a, r, n. The confinement factors and gain threshold are
calculated by using RCWA (Rigorous Coupled Wave Analysis)
based Stanford Stratified Structure Solver (S4) software [35].
The gain threshold is derived from (6),

gth =
α

ΓQW
(6)

where α is the vertical radiation loss, ΓQW is the field confine-
ment factor in MQWs. For PCSEL device with large PhC area
(for instance >400 µm length), the in-plane loss and the internal
loss are negligible [36]–[38], so only the vertical radiation loss
is considered and calculated by (7),

α =
2π

Q · a (7)

where a is the lattice constant, Q is the quality factor obtained
by Fano fitting the guided resonances in reflection spectra. The
confinement factors in MQWs and PhCs can be calculated by
(8).

ΓQW =
∫QW(E2

x + E2
y) · dv

∫cav(E2
x + E2

y) · dv
, ΓPhC =

∫PhC(E
2
x + E2

y) · dv
∫cav(E2

x + E2
y) · dv

(8)
In S4 simulations, bottom and top air thicknesses are set to be
infinite. Transverse electric (TE) waves are considered, and the
RI at room temperature are as follows: nair = 1, nGaN = 2.39,
nInGaN = 2.46, nTiO2 = 2.55.

The laser configurations with different parameters are inves-
tigated at first. The distance between PhC and MQWs, as well
as the membrane thickness, is crucial to the field distribution
intensity. The smaller top/bottom GaN thickness means the
shorter distance between PhC and active layer, and the higher
field intensity, corresponding to a high confinement factor in
PhC region. In order to acquire higher ΓPhC, there should be
a small distance between PhC and MQWs, as well as thinner
membrane. The smaller tn and tp are beneficial to a stronger field
coupling in PhC. On the other hand, the higher ERI can shift the
field concentration towards the PhC layer, which are contributed
to a larger PhC thickness and a smaller hole radius. As shown
in Fig. 1(c), the higher ΓPhC/ΓGaN value is corresponding to t
= 300 nm PhC thickness and r = 20 nm hole radius. Besides,
the resonance in PhC cavity with r = 20 nm has higher quality
factor which is crucial to demonstrate small threshold gain of
laser. The above parameters combine together can give birth to
much higher values of ΓPhC/ΓGaN.

TABLE 1
LIST OF PARAMETERS AND PERFORMANCES OF THE OPTIMIZED ATHERMAL

PCSEL AND THE COMPARED PCSEL

Some parameters for a higher ΓPhC are contrary to the lower
threshold gain gth. For instance, the smaller membrane thickness
is corresponding to the higher ΓPhC but the larger cavity loss.
As shown in (6), the higher confinement factor in MQWs
is an essential condition for the low-threshold lasing. MQWs
design can be used as a conflict resolving method to promote
ΓQW for the lower threshold gain while maintaining a high
ΓPhC. Because the InGaN QW layer with higher RI pushes
field profile more into GaN membrane, there is still a trade-off
for higher ΓQW and ΓPhC. QW numbers were investigated by
fixing parameters of tn, tp, r, t. As shown in Fig. 1(d),ΓPhC/ΓGaN

and ΓQW changed linearly with different QW numbers at t =
300 nm, r = 20 nm, tp = 50 nm, tn = 50 nm. A large QW
number helps to promote confinement factor in gain media to
achieve high oscillation gain. QW numbers will not affect the
propagation loss a lot, if the total loss is dominated by the vertical
scattering in large PhC area design. When the QW numbers
reach 7 pairs or more, ΓQW increases to more than 0.016 and
gth can be as small as around 1000 cm-1. In this situation, the
ΓPhC/ΓGaN value can still be reached about 5 due to the 300 nm
thick TiO2 PhC layer with high ERI. This explains the reason
why use such a thick PhC layer, small hole radius and thin GaN
in the optimized design, because we should also consider the
laser gain threshold when getting high ΓPhC. We use more QW
numbers to promote ΓQW to decrease gth. On the other hand,
more InGaN well layers with higher RI can pull field profile
more into GaN membrane which makes ΓPhC smaller. It should
be noticed that, larger QW numbers bring higher voltage drop.
The effect of the non-uniformity of the carrier distribution with
too large QW number degrades the lasing characteristics, and
limits the output power.

Table 1 gives the parameters and performance list of the
optimized PCSEL named as Case A and the compared one as
Case B. Case B is with ΓPhC = 8.4% which is in the typical
confinement factor value range for PCSELs without considering
wavelength stability. Case A adopts 9 QW numbers combined
with the optimized parameters. Compared with Case B with
ΓPhC/ΓGaN = 0.1, the gain threshold of Case A can below
1000 cm-1 while ΓPhC/ΓGaN value can still reach 4.6. The
variable lattice constant a can tune the laser wavelength. In
A and B cases here, we have adopted 184 nm and 196 nm in
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Fig. 2. Mode profile in (a) the optimized laser cavity (Case A) and (b) the
compared laser cavity (Case B); FDTD simulated (c) x-y plane field distribution
in the PhC layer and (d) x-z plane field distribution of the optimized PCSEL.

order to have resonant wavelengths in the 430∼450 nm active
media wavelength range. Correspondingly, Fig. 2(a), (c), and (d)
exhibit field profile and distribution of Case A, while Fig. 2(b)
exhibits field distribution of Case B for comparison. As shown
in Fig. 2(a) and (b), both of the two structures form fundamental
modes in the resonant cavities, which are calculated by RCWA.
Fig. 2(c) and (d) are the x-y plane distributions and x-z plane
distributions in the PhC layer simulated by finite difference time
domain (FDTD) method. The FDTD models are calculated with
a spatial grid of a/64, the PhC area is infinite in xy direction,
light source is TE mode plane wave, RI of different layers are
the same as those in above S4 simulations. For the optimized
PCSEL (Case A), both RCWA and FDTD results have shown
that the fundamental mode field is largely confined in the PhC
layer. Thanks to the high RI of TiO2 PhC layer and the membrane
design of the waveguide-like structure with a small distance
between PhC and active region, we could obtain a stronger
coupling strength of fundamental mode confined in PhCs. It
should be noted that, Case A has a lower mode overlap in the
gain medium, which may means more heating due to higher
pumping needed for lasing. Nevertheless, this optimized PCSEL
design can fulfill wavelength stable function and has general
laser properties.

PCSEL utilizes multidirectional distributed feedback (DFB)
effect near the band edges in PhCs. The coupling in two-
dimensional PhCs provides mode oscillating behavior and ex-
tracts light vertically. The lasing wavelength is characterized
as the resonant reflected peaks of GaN membrane with TiO2

PhCs. The temperature insensitive properties of the PCSEL have
been explored by S4 simulation. The RI at different temperatures
are set accordingly to the TOC value of TiO2 and GaN. Fig. 3
exhibits relations between lasing wavelength and temperature in
different PCSEL configurations. Resonances of ΓPhC = 8.4%
and ΓPhC = 40.2% show obvious resonant wavelengths drift
with 0.026 nm/°C and 0.015 nm/°C, respectively. The optimized
PCSEL configuration with ΓPhC = 82% remains exceptionally

Fig. 3. The resonant wavelength drifts under variable temperatures for differ-
ent PCSELs: ΓPhC = 8.4%, n = 7, t = 200 nm, r = 40 nm, tp = 50 nm, tn =
200 nm, a = 196 nm;ΓPhC = 40.2%, n = 1, t = 100 nm, r = 40 nm, tp = 50
nm, tn = 50 nm, a = 200 nm; ΓPhC = 82%, n = 9, t = 300 nm, r = 20 nm, tp
= 50 nm, tn = 50 nm, a = 184 nm.

stable wavelength at 444.6 nm, with a gradient of only 0.0015
nm/°C. This represents a dramatic reduction in temperature
dependence of the designed PCSEL according to the athermal
condition of (3). Fig. 4(a)(b) shows the resonant spectrum for
the configurations with ΓPhC = 8.4% and ΓPhC = 82% under
different ambient temperatures. It is clear that, the optimized
PCSEL has only a tiny wavelength shift which is primarily
attributed to the small difference ofΓPhC/ΓGaN = 4.6 compared
to the athermal condition ΓPhC/ΓGaN = 5.

Except for the thermo-optical effect, the thermal expansion
effect can also influence the drift of the resonant frequency in
PCSEL with variable temperatures. In the following discussion,
we have only considered the TiO2 thermal expansion effect on
lattice constant regardless of the small effect on the wavelength
from the PhC layer thickness and hole radius. The thermal
expansion effect on lattice constant a is da/dT = a0 × αTiO2

= a0 × 8.4×10-6. Meantime, dλ/da = 2.3 can be obtained by
simulations in the designed PCSEL. Thus, thermal expansion
effect on the wavelength drift can be expressed as (9),

dλ

dT
= 2.3× 8.4× 10−6 × a0 = 1.9× 10−5 × a0 (9)

Combine (1)–(3) with (9), the general formula of wavelength
drift induced by thermo-optic effect and thermal expansion
effect can be expressed as (10),

dλ

dT
=

λ0

Neff−λ0× dNeff

dλ

(− 3×10−5ΓPhC+1.5×10−4ΓGaN

)

+ 1.9× 10−5 × a0 (10)

where λ0 is the resonant wavelength, a0 is the corresponding
lattice constant. Neff at different wavelength can be calculated
for the optimized PCSEL structure where ΓPhC = 82%, ΓGaN

= 18%, λ0 = 444.61 nm, a0 = 184 nm, Neff = 2.42. dNeff/dλ

= −3×10−4 can be derived from our Neff calculations based
on RCWA. By using (10), we calculate the wavelength drift
which is mainly manipulated by the thermal expansion effect.
For the compared PCSEL with ΓPhC = 8.4%, the calculated
wavelength drift is mainly induced by thermo-optic effect.
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Fig. 4. Normalized reflectance spectra of lasers in (a)(c) ΓPhC = 8.4% (Case B) and (b)(d) ΓPhC = 82% (Case A) as a function of temperature. (a)(b) Consider
thermo-optic effect only, (c)(d) Consider both thermo-optic effect and thermal expansion effect.

Fig. 5. (a) The photonic band structures of the optimized temperature-insensitive PCSEL of TE polarization and (b) the enlarged view of the band gap and edges
at the Γ point.

Fig. 4(c)(d) shows the wavelength drift induced by thermo-
optic effect and thermal expansion mutually. Compared to the
Fig. 4(a)(b), a larger wavelength shift is observed. These results
agree well with theoretical analysis, that thermo-optic effect and
thermal expansion manipulate wavelength drift for PCSEL with
ΓPhC = 8.4% and ΓPhC = 82%, respectively.

In order to further verify our laser design, the photonic band
structures of Case A was calculated by MIT photonic bands
(MPB) [39], based on fully vectoral plane wave expansion
method (PWE). The general calculation approach can be referred
in some other reports [40], [41]. The designed laser works at the
band edge of the denotedΓ point in Fig. 5(a). Fig. 5(b) shows the
enlarged view of the band gap and edges at the Γ point. When a
wavelength is equal to the lattice constant condition, for instance
in one Γ–X direction, it is diffracted not only backward, but also
in other equivalent Γ–X directions. The wavelets scattered are
in-phase so standing wave is formed atΓpoint in the 2D photonic
crystal. A lasing oscillation is considered to occur at either of
the band edges of the Γ point, and the lasing action occurs at the
mode with the lowest gain threshold. All the other modes are
also possible to lase with sufficient pump power. We consider
the laser wavelength at 440 nm, lattice constant is 184 nm, the
normalized frequency of the emission of the present structure
is around 0.42. This value is in accordance with the denoted Γ
point position in the band diagram.

When we consider the real device, it will be affected by vari-
ous factors, for instance, the TOC of TiO2 will change with the
growth conditions such as the chamber pressure, and the quality
and aperture of PhCs are restricted by the micro nano fabrication
accuracy. The common method used to realize PhC structure is
electron beam lithography (EBL), which still has obstacles to
realize 20 nm hole radius especially for thick layers. Focused
ion beam (FIB) is an alternative choice to realize PhC with small
holes, whose resolution can be around 10 nm. The hole profile
is another problem for PhC laser design. The shape of PhC will
influence the Q factor of resonance and may bring degradation of
laser performance. Therefore, this design needs to combine with
the actual fabrication process and accurate materials growth. If
so, the ΓPhC/ΓGaN can be optimized to achieve the optimal
temperature insensitive characteristics of lasing wavelength. By
the way, current injection is also a common problem for GaN
based lasers because of the low carrier mobility of p-GaN. For
our proposed laser with insulating TiO2 PhC layer, the current
injection problem can be solved by such following ways: (1)
designing the position and shape of p/n electrodes in order to
form uniform and efficient carrier injection in active media,
(2) introducing ITO conductive layer under the PhC layer,
(3) controlling the doping concentration of p/n GaN, such as
reducing the resistance of p-GaN and increasing the resistance of
n-GaN.
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III. CONCLUSION

In conclusion, we have theoretically proposed a temperature-
insensitive GaN-based PCSEL and investigated its thermal drift
of the resonant frequency caused by thermo-optic and ther-
mal expansion effects. The confinement factor, gain threshold,
field distribution, resonant wavelength temperature-dependent
properties were investigated by RCWA, FDTD simulation and
theoretical analysis. Thermo-optic stabilization can be achieved
by forming a laser cavity with suitable configuration and di-
mensions. A general principle and design method has been
introduced for temperature-insensitive PCSEL. Although, the
proposed membrane configuration may suffer high thermal re-
sistance problem, it is the design of photonic crystal surface
emitting lasers with enhancing laser-wavelength stability under
variable temperatures caused by self-heating or other external
environments.
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