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Abstract—Optical gain spectra of InGaAsP MQW for photonic
crystal waveguide (PCWG) were simulated by the k£ - p method
with considering the variation of group velocity and the natural
broadening synthetically. The dependence of the first mode’s gain
maximum on the width of PCWG was discussed. To improve the
mode characteristics and the gain performances in the 2-D PCWG
with relative large width, we proposed a new structure by com-
bining a microcavity inside the 2-D PCWG. Mode characteristics
in proposed structure were analyzed and the transmission perfor-
mance was simulated by the FDTD method. The simulation results
show that improved longitudinal mode characteristics can be ob-
tained even in the W3 PCWG with relative wide waveguide width
because of the additional frequency selecting mechanism provided
by the microcavity.

Index Terms—Microcavity, optical gain, photonic crystal,
waveguide.

I. INTRODUCTION

WO-DIMENSIONAL photonic crystal waveguide (2-D
TPCWG) has attracted a lot of attention because of its
potential applications on photonic integrated circuits as passive
and active devices [1], [2]. The typical 2-D PCWG structures
are W1 and W3 PCWG, which are formed by taking one or
three rows away from the triangular lattice of photonic crystal
[3]. Since Dowling [4] first pointed out that the remarkable gain
enhancement near the photonic band edge, a lot of studies have
been done theoretically and experimentally [5]-[8]. However,
how to deal with the gain singularities caused by the abnormal
group velocity at the band edge is still an important pending
issue, and mode characteristics of 2-D PCWG, which deter-
mines the gain characteristics of the PCWG, also need to be
further investigated. It is known that W1 PCWG, which has
relatively good mode characteristics, is too narrow to be fabri-
cated and especially hard to realize electrical injection structure
for some active devices (only about V3a — 2r ~ 0.4 pm
waveguide width without holes for 1.55-pm wavelength, a and
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r denote period and radius of holes in PCWG, respectively).
Compared to W1 PCWG, W3 PCWG has larger width (about
2v3a — 2r ~ 1.2 pym waveguide width without holes for
1.55—pum wavelength). Unfortunately, more defect modes ap-
pear in W3 PCWG’s photonic band gap (PBG), as well as a
mini stop-band (MSB) caused by the energy coupling from the
fundamental mode to the higher mode [9]. The complex defect
modes in W3 PCWG will degrade not only their transmission
performance, but also the gain characteristics. In this paper, the
optical gain spectra of W1 and W3 PCWG were simulated by
the k - p method considering the variation of group velocity
and the natural broadening synthetically near the band edge,
and the dependence of gain maximum on the width of PCWG
was discussed. Based on it, a 2-D PCWG with a microcavity
structure is proposed. Simulation results show that improved
mode characteristics can be obtained, even in the W3 PCWG
with relative wide waveguide width because of the additional
frequency selecting mechanism provided by the microcavity.

II. THEORY AND RESULTS

A. Optical Gain Characteristics in 2-D PCWG

The gain simulation in 2-D PCWG was based on the calcula-
tion of photonic energy band and the k - p method which is de-
rived from the Fermi’s golden rule [10]. To take into account of
the valence subband mixture, the 4 x 4 Luttinger—Kohn Hamil-
tonian was considered [11]. Because the lifetime of a given state
(7in) in not infinite, the time dependent state has a Lorentzian
lineshape L(w) in the Fourier energy spectrum. Hence, the en-
ergy of each state and each transition has an energy spread over
arange of AF ~ h/7,, which is the natural broadening of the
semiconductor’s intraband relaxation process. This means that
an incoming photon with energy fiw will interact with an energy
spread of £ =~ hw £ AF [10]. Therefore, synthesizing the ef-
fect that the gain is in inverse proportion to the changed group
velocity v, [4], the optical gain of PCWG can be calculated by
the following functions:

G(hwy) = /a(w)g(hwk)L(w)dw (1
o) = /= @
Lw) = L/7in 3)

(w—wi)? + (1/7in)?

where a(w) is the gain enhancement factor, which is caused by
the low vz of PCWG. vq is group velocity of a normal WG.
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Fig. 1. Simulation model of different PCWG with a line defect waveguide
along I'K direction. The PCWG is fabricated in an InP/InGaAsP/InP het-
erostructure, containing a layer of MQW with 1.55-¢m emission wavelength.
The period a for different PCWG were fixed to make their first defect mode’s
centre correspond to 1.55 pm. The air filling factor is 33% and the holes
are etched deep into the InP substrate. The pumped area is focused on the
waveguides of PCWG.

L(w) is a normalized Lorentzian lineshape broadening func-
tion, and g(fiwy ) is the gain contribution of the transition energy
hw to hwy, which is caused by the natural broadening process.
The intraband relaxation time (just the lifetime of a given state)
Tin used in our simulation is 10~13 s [13]. It is known that the
natural broadening, which exists in each transition between the
electrons and the holes, should be considered in the semicon-
ductor gain spectra calculation, no matter with or without PC
structures [7], [10]. Because the gain is inverse proportion to
the changed group velocity v, [4], omitting the natural broad-
ening in PC structures will not only result in errors in the cal-
culation results, but also makes it difficult to deal with the gain
spectra at the photonic band edge where the group velocity v,
turns to be zero. Natural broadening can mitigate the gain singu-
larities caused by v, turning to be zero near the band edge. Here,
we only considered the natural broadening due to the semicon-
ductor’s intraband relaxation process, the non-natural broad-
ening was omitted in respect that we had supposed no drilling
holes in the gain materials beneath the waveguide and a negli-
gible non-natural broadening due to the defect combination.

The simulation model is shown in Fig. 1. A triangular lattice
PC with a line defect waveguide along I'K direction is formed on
an InP/InGaAsP/InP heterostructure with a layer of InGaAsP-
MQW, whose emission wave length is 1.55 pm. Here, W and a
denote the waveguide width and the lattice period, respectively.
The air filling factor is kept at 33% and the holes are etched
deep into the InP substrate. In this structure, the active layer of
the device could be pumped by current or “internal light source”
(ILS) technique [12]. The pumped area will be focused on the
waveguides so that there will be no drilling holes in the gain
area. This is helpful to the hypothesis that we could neglect the
effect of the non-natural broadening on gain spectra due to the
defect combination.

Gain improvement in PCWG attributes to its abnormal
dispersion characteristics. First, we calculated the photonic
energy band structure of W1 (W = v/3a) and W3 PCWG
(W = 2v/3a) for TE polarization by plane wave expansion
method (PWM) in 2-D with the effective index of 3.21 for the
planar confinement in the vertical direction of the heterostruc-
ture. Figs. 2(a) and 3(a) show the photonic energy bands for
the W1 and W3 PCWG, and the sketch maps of W1 and W3
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Fig. 2. Photonic energy band structure of W1 PCWG was plotted in (a). The
first mode is the fundamental defect mode of the PCWG. (b) W1 PCWG struc-
ture along I'K-direction. (c) Magnetic field pattern of the first mode in W1
PCWG.
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Fig. 3. Photonic energy band structure of W3 PCWG was plotted in (a).
Graph (b) is the magnified image for the MSB of the first mode in W3 PCWG.
(c) W3 PCWG structure along ['K-direction. (d) Magnetic field pattern of the
first mode in W3.

PCWG were plotted in Figs. 2(b) and 3(c), respectively. The
period of PC, a = 360 nm for W1 PCWG and ¢ = 410 nm
for W3 PCWG, was selected to make their first defect mode’s
centre correspond to the emission wavelength of InGaAsP
MQW (1.55 pm). In order to find the dispersion curve in the
photonic energy band which is corresponding to the first line
defect mode, the first mode’s magnetic field patterns of W1 and
W3 PCWG were also shown in Figs. 2(c) and 3(d). The group
velocity of the first line defect mode could be derived from the
dispersion curve accordingly.

It can be seen that the group velocity of the first line defect
mode in W1 PCWG descends at the band edge and can result in
an increase of gain eventually. While in the W3 PCWG, more
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Fig. 4. Gain spectra of MQW with W1, W3 PCWG, and normal WG. The
intraband relaxation time 7;, used in our simulation is 10— '3 s.

defect modes appear in its PBG, as well as a MSB appears in the
dispersion curve of the first defect mode around a/A = 0.265.
The detail of the MSB was magnified in Fig. 3(b). In this case,
the group velocity of the first defect mode reduces near the edge
of the MSB. Therefore, the gain maximum will be caused by
the low group velocity near MSB edges rather than that near
the band edge. The gain spectra of InGaAsP MQW with W1
and W3 PCWG calculated using (1) is shown in Fig. 4. For
comparison, the gain spectra of anormal WG is also presented in
Fig. 4. The simulation results show a remarkable enhancement
in W1 PCWG at the band edge, while the gain spectra of the W3
PCWG appears two peaks corresponding to the MSB. It can be
seen from Fig. 4 that the complex defect modes in W3 PCWG
degrade not only the transmission performance, but also the gain
characteristics.

The intraband relaxation time 7, used in our simulation is
10~13 5. This will result in a 13-nm broadening width, approxi-
matively. However, the mini-gap of MSB for W3 with a period
of 410 nm is about 15 nm. Namely, the effect of natural broad-
ening will mitigate the gain singularities near the band edge ef-
fectively. It will be another important reason for the nonzero
gain in the mini-gap of MSB, besides internal loss [4].

By changing W from 0.6v/3a to 2v/3a, the dependence of
the first mode’s gain maximum on the width of PCWG was
calculated. Here, the lattice period a is different to make their
first defect mode at the same wavelength of 1.55 ym. The cor-
responding gain peaks varying with different width of PCWG
are plotted in Fig. 5. When W is smaller than 2.2a, the gain en-
hancement is mainly caused by the low v, of the first defect
mode near the band edge. The gain maximum first increases
and then decreases with widening W because that the change
of the dispersion curve slope of first mode results in a changed
vg, while, when W is larger than 2.2a, the gain enhancement
is mainly due to the low v, of the first defect mode near the
edges of MSB. Because the slope of the dispersion curves near
the edges of MSB is not as moderate as that near the band gap
edge, the gain maximum caused by MSB effect decreases in
the shade region of Fig. 5. It is found that optimized W for the
largest gain enhancement is around 1.4a, which is still narrow
for fabricating and realizing electrical injection.
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Fig.5. Gain maximum of the first mode with different waveguide width PCWG
structures. The intraband relaxation time 7;,, used in our simulation is 10~%3 s.
When W is smaller than 2.2a, the gain enhancement is mainly caused by the
low v, of the first defect mode near the band edge. While, when W is larger
than 2.2a, the gain enhancement is mainly due to the low v, of the first defect
mode near the edges of MSB, which are shown in the shade region.

B. Modified Mode Characteristics in 2-D PCWG With
Microcavity Structure

We know PCWG with relative wide waveguide, such as W3
PCWG, is easy to be fabricated and to realize electrical injec-
tion. However, the gain performance of wide PCWG is worse
than that of narrow PCWG because of the complex modes in
the PBG, just as that stated above. Here, we propose a method
to combine a microcavity structure inside the W3 PCWG to im-
prove their mode characteristics, and further affect their gain
performances.

First, the transmission spectra characteristics of the micro-
cavities with different size and different “surrounding layer
number,” which is defined in Fig. 6(c), were simulated by 2-D
FDTD. We used the perfectly matched layer (PML) as the
boundary conditions and a Gaussian pulse as the launch source
with the peak of 1.55 um and pulse width of about 200 THz.
The spatial width of the pulse is 2a in W3 PCWG. Here, a is the
lattice period of the triangle PC. Other simulation parameters
are set as followed: simulation domain size is 65a X 9a, the
spatial grid size is a/32, the time step is a/(32 e ¢), where ¢
is the light velocity in the vacuum, and FDTD stop time is 2'7
time steps. We selected four different microcavity structures
with increasing sizes of 3.90a2, 6.70a2, 10.3942, and 17.32a2
for the simulation [shown in Fig. 6(b)], where the layer number
changed from 1.5 to 3, as shown in Fig. 6(c). Fig. 6(a) shows
the simulation results. It can be seen that for the frequency re-
gion of PBG, no transmission peak exits when the surrounding
layer number is larger than 3, while the transmission spectra
become continuous when the surrounding layer number is less
than 1.5 where the layers is too few to filter the modes in W3
PCWG. On the other hand, the number of transmission peaks
depends on the size of microcavity. By selecting appropriate
size of 3.90a? (one point defect structure) with the optimum
surrounding layer number of 2.5, a single transmission peak can
be obtained, which will benefit modifying mode characteristics
in W3 PCWG. To analyze the modified mode characteristics of
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Fig. 6. (a) Dependence of transmission spectra characteristics in the PBG on different microcavity sizes .S and surrounding layer numbers n. (b) Microcavity
structures for different microcavity size 5. (c) Definition of microcavity surrounding layer number n.

Fig. 7. Photonic energy band structures of W3 PCWG and defect frequency
of the one point defect microcavity (blue dash line). Different defect modes in
PBG of W3 PCWG are shown in different colors.

the optimum one point defect microcavity, simulation results
of photonic energy band structures with the defect frequency of
this microcavity were shown in Fig. 7. Different defect modes
in PBG of W3 PCWG were shown in different colors. Since the
defect frequency of microcavity is very narrow, it was plotted
as a line in the W3 PBG. Because the microcavity provides
an additional selecting frequency mechanism, defect modes in
W3 PCWG can be limited in the very narrow frequency range.
Thus, the resonant modes between PCWG and microcavity in
the photonic energy band graph will be several points A, B,
C, as shown in Fig. 7. Among them, the mode with the lowest
group velocity will have the largest gain [4]. Therefore, it is
possible to select one longitudinal mode in W3 PCWG as a
resonant frequency between the PCWG and the microcavity.
To have better gain characteristics, the pitch of holes
surrounding the microcavity was adjusted to fit the defect
frequency of microcavity to that where the first mode in W3
PCWG has the lowest group velocity. The adjusted structure is

W3 PCWG
period a: 410nm

adjusted
pitch a”’

Fig. 8. Structure of W3 PCWG with the one point defect microcavity. W3
PCWG period a is 410 nm. The pitch of holes @’ surrounding the microcavity
in the yellow quadrate frame was adjusted.
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Fig. 9. Wavelength and gain of the transmission peak with different pitch of
holes @’ surrounding the microcavity, where the size S and layer number n of
the one point defect microcavity are 3.90a? and 2.5 layers, respectively.

shown in Fig. 8. The wavelength and gain of the transmission
peak with different pitch o’ is shown in Fig. 9. When pitch
a’ is adjusted to 400 nm, the transmission peak wavelength is
near the MSB edge where the first mode has the lowest group
velocity. The transmission spectra of W3 PCWG with adjusted
microcavity (¢’ = 400 nm) is shown in Fig. 10. It can be
seen from Fig. 10 that without the microcavity, the transmitted
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Fig. 10. Transmission spectra of W3 PCWG with and without a microcavity.
The microcavity structure is shown in Fig. 8, and the pitch of holes a’ sur-
rounding the microcavity is 400 nm.
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Fig. 11. Gain spectra of the first three modes in W3 PCWG. The transmitted
wavelength range selected by the microcavity is shown in the shade region.

frequency range of W3 PCWG spread to the whole PBG with a
dip around wavelength of 1.55 pm caused by the MSB effect,
while the transmitted frequency range was significantly reduced
by introducing the microcavity in PCWG. The resonant nor-
malized frequency between the PCWG and the microcavity is
just at the MSB edge. The gain spectra for the first three defect
modes in W3 PCWG are calculated and shown in Fig. 11. It can
be seen that the first defect mode has the largest gain among the
three modes. Considering the transmission frequency selecting
mechanism provided by the microcavity, the gain spectra can
be limited in a narrow range. The transmitted wavelength range
was shown in the shade region in Fig. 11. The reduction of
the transmission range will weaken the longitudinal mode
competition at the points with low group velocity. Therefore,
we could get good lasing performance of the first mode with
broad waveguide width.

III. CONCLUSION

We simulated gain spectra near the PCWG band gap edge by
synthesizing the effect of group velocity and natural broadening.
It was demonstrated that the gain in PCWG is influenced not
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only by the reduction of the group velocity, but also by the nat-
ural broadening due to the semiconductor’s intraband relaxation
process. The gain spectra of the first mode in different PCWG
were analyzed by considering the intraband relaxation time 7y;,.
Based on this simulation results, we optimize the mode charac-
teristics in W3 PCWG which has advantages of practical fabri-
cation and electrical injection in active devices by combining a
microcavity structure. Improved longitudinal mode characteris-
tics can be obtained even with large waveguide width, such as
W3 PCWG. This will benefit to design flexibility and fabrica-
tion tolerances.
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