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INVITED PAPER Special Section on Photonic Crystals and Their Device Applications

High Index-Contrast 2D Photonic Band-Edge Laser

Soon-Hong KWON†a) and Yong-Hee LEE†, Nonmembers

SUMMARY Free-standing 2D slab photonic band-edge lasers based on
square lattice and triangular lattice are realized by optical pumping at room-
temperature. Both in-plane-emission and surface-emission photonic band-
edge lasers are observed and compared. Analyses on optical loss mecha-
nisms for finite-size photonic band-edge lasers are also discussed.
key words: photonic crystal, semiconductor laser, band edge, in-plane
emission, surface emission

1. Introduction

Photonic crystals (PCs) have drawn much attention owing to
their ability of photon control. Especially, the existence of
the photonic bandgap (PBG), the frequency range in which
the propagation of light is forbidden, opens various appli-
cation areas as cavity quantum electrodynamics (QED) [1],
low threshold lasers [2] and nano-waveguides [3]. Among
multitudes of photonic crystal structures, two-dimensional
(2D) photonic crystal slab structures are widely investigated,
because they can be fabricated relatively easily by stan-
dard semiconductor fabrication processes. Especially, 2D
slab photonic crystal lasers have demonstrated interesting
feasibility as wavelength-scale coherent light sources [4]–
[10]. Such photonic crystal lasers can be classified into two
groups. One group that has a defect region shows lasing ac-
tion around the localized cavity nearby the defect region by
the photonic bandgap [4]–[6]. The other one does not have
a physically defined cavity. As this type of photonic crys-
tal lasers operates near the extremes of the photonic band,
they are named as the photonic band-edge lasers [7]–[12].
In certain aspects, this type of the lasers can be interpreted
as a 2D version of the conventional distributed feedback
laser. Recently, various 2D photonic band-edge lasers have
been demonstrated by several groups. In earlier versions of
the band-edge laser [7]–[10], the effective refractive index-
contrast has been very small and the device size was rather
large to achieve the gain sufficient for lasing. Consequently,
the laser threshold was usually high. However, in the high
index-contrast structure [11], [12], lasing can be achieved in
much smaller active area ∼ (10×10 µm) due to their reduced
threshold gain. Such small band-edge lasers can be a good
candidate for low-threshold and high-speed-modulation ac-
tive devices.

In this paper, we describe characteristics of high index-
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contrast 2D photonic crystal band-edge lasers realized in the
square lattice and the triangular lattice structure. The ex-
perimental data are analyzed by the three-dimensional (3D)
plane wave expansion (PWE) method and the 3D finite dif-
ference time domain (FDTD) method. In Sect. 2, the pho-
tonic band-edge lasers are classified by the operating sym-
metry points in the k-space. Lasing characteristics, device
fabrication, threshold behaviors, lasing wavelengths, near-
field patterns and far-field patterns, and polarizations are de-
scribed in Sect. 3. In Sect. 4, the emission and loss mecha-
nisms of the lasing modes are analyzed through the compar-
ison of the mode patterns in the real-space and the Fourier
space.

2. Classification of Photonic Band-Edge Lasers

2.1 High Index-Contrast Air Slab Structure

At the band edges such as Γ, X, M (for square lattice struc-
ture) points, standing waves are formed by the superposi-
tion of reflected waves originating from the periodic index
variation. Therefore, near these symmetry points, the group
velocity of wave approaches zero and the density of pho-
ton states becomes infinity. If the group velocity becomes
very slow, photons would have much longer time to interact
with the active medium and experience the enhanced effec-
tive gain that is inversely proportional to the group veloc-
ity [13]. It is also well known that the group velocity near
the band edges decreases with the index-contrast of the 2D
slab. Therefore, the free-standing air slab structure to be
discussed here is expected to be advantageous for the band-
edge lasing operation because of its high index-contrast.

2.2 Symmetry Points at Photonic Band Edges

In order to explain the symmetry of the band-edge points,
we use the photonic band diagram obtained by the 2D PWE
method combined with the effective index approach because
of the complexity of the band diagram obtained from the
full 3D PWE method. Here, a refractive index 2.65 is used
for the effective index of 2D PWE method. Therefore, the
exact positions of the band edges are somewhat different
from those of the 3D value. However, remember that the
3D PWE method is used to analyze the experimentally mea-
sured spectral data of the band-edge lasers in subsequent
sections. The air hole radius, 0.35a is used. Figure 1 shows
calculated photonic band diagrams of a triangular lattice
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Fig. 1 Calculated band diagrams of (a) triangular lattice structure and (b)
square lattice structure for TE mode by 2D PWE method. In the triangular
lattice, Γ2 and Γ4 are non-degenerate modes, and Γ3 and Γ5 are doubly-
degenerate modes [9]. In the square lattice, Γ3 is doubly-degenerate mode.

and a square lattice structure for the transverse-electric (TE)
mode. Note that the dispersion curves are flat near the band
edges that are represented as circles in Fig. 1. The photonic
band-edge lasers can be classified into two groups by light
lines. Those modes below the light lines are guided along
the photonic crystal slab and the propagating modes above
the light line are considered as leaky modes that couple eas-
ily into the free space out of slab. In fact, band-edge lasers
operating below the light lines are well-guided by the slab
as in the conventional waveguide structure. On the other
hands at Γ points, although the modes are characteristically
categorized as leaky modes since they are located above the
light lines, these modes still do not couple with the radia-
tion modes because of the mismatch of the spatial symmetry
[14]. Therefore, the photon lifetime of the band-edge modes
become infinite in an infinite 2D photonic crystal slab struc-
ture.

However, in practice, the size of the photonic crystal
can not be infinite, and this finiteness results in unavoid-
able optical losses for the non-ideal band-edge modes. In
a finite photonic crystal, the Block wave vector k is not
a well-defined quantity since the translational symmetry is
limited to the photonic crystal region. Therefore, the band-
edge lasers operating at a finite photonic crystal can be

Fig. 2 Side views of the electric field intensity profiles in the (a) second
X point band-edge laser of the square lattice structure and (b) second Γ
point band-edge laser of the triangular lattice structure. Gray lines indicate
the photonic crystal slab structures. Those are calculated by 3D FDTD
method.

understood as the superposition of the modes with the k-
components localized near the wave vector of the band-
edges with some uncertainty (∆k). Since the modes except
for the exact band-edge mode have the finite group veloci-
ties, the band-edge mode of a finite photonic crystal expe-
riences optical losses into the in-plane direction of the slab.
Through the 3D FDTD analyses of a finite 2D slab struc-
ture, it is found that the main loss mechanism of the band-
edge modes below the light lines is the propagation of light
into the un-patterned region of the slab as shown in Fig. 2(a).
Since the major emission of this type of band-edge laser is
into the in-plane direction, we call this laser as in-plane-
emitting band-edge laser.

The Γ point band-edge lasers above light lines also
have the in-plane loss similarly. However, there are addi-
tional non-negligible vertical couplings for the Γ point band-
edge modes [9]. In fact, the vertical coupling to the free
space out of the slab is forbidden by the symmetry mismatch
[14] as previously mentioned. However, for finite size 2D
slab structures, the uncertainty in the k-space allows verti-
cal emission because the transverse wave vectors should be
added to the vertical components of the modes and the sym-
metry mismatch condition is broken for such modes with
those wave vectors. As a result, the modes near the Γ point
tend to leak into the free space out of the slab, as is shown
in Fig. 2(b). Here we call this type of the band-edge laser as
surface-emitting band-edge laser.

3. Fabrication and Characteristics of 2D Photonic
Band-Edge Laser

3.1 Fabrication

Typical schematic diagram of a free-standing slab structure
is shown in Fig. 3(a). The active material consists of seven
pairs of strain compensated InGaAsP quantum wells. Trans-
verse magnetic (TM)-like modes are suppressed because of
the compressive strain of the quantum wells. The maximum
gain peak of the quantum well is at 1.55 µm. Air hole pat-
terns are written on the PMMA by electron-beam lithogra-
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Fig. 3 (a) Schematic diagram of the band-edge laser in a free-standing
slab structure. Scanning electron microscope images of the (b) square lat-
tice and (c) triangular lattice.

phy. After developing process, the ion milling using Ar gas
hardens the PMMA. The patterns are transferred to the InP
sacrificical layer that lies beneath the slab by Ar/Cl2 chemi-
cally assisted ion beam etching (CAIBE). Then the InP sac-
rificial layer is removed using a diluted HCl:H2O (4:1) solu-
tion, and a free-standing structure are completed. The thick-
ness of the resulting free-standing slab is 200 nm, which
thus only supports the fundamental transverse electric (TE)-
like mode. Figures 3(b) and (c) show scanning electron mi-
croscope images of the fabricated square lattice and trian-
gular lattice photonic band-edge lasers, respectively. The
photonic crystals consist of air holes (n=1.0) and InGaAsP
(n=3.4). The lattice constants a of the square lattice struc-
tures are chosen to be in the range 450 to 600 nm to overlap
the optical gain region with the second X (X2) and second
M (M2) point band-edge lasers. The lattice constant of the
triangular lattice for the Γ point band-edge lasing is found to
be 874 nm. The radii of air holes also varies from 0.28a to
0.38a. The number of air holes is 15×15 in the square lattice
structure and 21 × 21 in the triangular lattice structure, and
the side length of the square lattice samples is about 7.5 µm
and that of the triangular lattice is about 17 µm.

The fabricated samples are pulse-pumped using a
980 nm laser diode at room temperature. The pumping beam
is focused with a microscope objective lens (NA=0.85) and
light emitted from the sample is collected by a charge-
coupled device (CCD) and a monochromator with the same
lens. The pulse width is 5 ns and the duty ratio is 0.25%
so that the thermal effects on the photonic band-edge lasers
become insignificant.

3.2 In-Plane-Emitting Band-Edge Laser: Square Lattice

In this section, we focused on in-plane-emitting band-edge
lasers operating near the X2 and M2 point below the light

Fig. 4 Mode pattern images of (a) the second X and (b) the second M
points band-edge lasers taken by a CCD camera. The dotted squares repre-
sent the boundaries of the photonic crystal lasers.

line of the square lattice photonic crystal slab [17]. In
general, triangular lattice photonic band-edge modes ex-
hibit complicated 2D and 1D distributed feedback mecha-
nisms [10]. On the other hands, the square lattice band-edge
modes have relatively simple one-dimensional (1D) feed-
back mechanism. Therefore, the analyses of the square lat-
tice band-edge modes are expected to be relatively more
straightforward than those of triangular lattice band-edge
modes. The lattice constants of the samples are 460 nm,
510 nm, and 550 nm. In the samples with those lattice con-
stants, the X2 and M2 band-edge points fall well within the
gain spectrum.

The near-field images of the X2 and M2 band-edge las-
ing are captured by a CCD camera, as shown in Fig. 4(a)
and Fig. 4(b), respectively. The CCD images of these band-
edge lasers are very weak and do not show any characteristic
features contrary to the photonic crystal defect lasers or the
surface-emitting band-edge lasers. In fact, most of the light
escaped from the in-plane emitting band-edge lasers propa-
gates along the slab out of the finite patterned region. In ad-
dition, it is interesting to note that one can not see the scatter-
ing at the boundaries of the photonic crystal patterns, even
though the reflections of the guided modes are expected at
the boundaries. This observation is also confirmed through
the results of the FDTD computation, which show that the
vertical mode profile in the photonic crystal region match
very smoothly with those in the un-patterned region without
the considerable scattering, as is shown in Fig. 2(a).

The variation of the measured normalized frequencies
(plotted as dots) of the band-edge lasers with air-hole radius
for each lattice constant are shown in Fig. 5(a) and Fig. 5(b).
The normalized frequencies of the band-edge positions are



KWON and LEE: HIGH INDEX-CONTRAST 2D PHOTONIC BAND-EDGE LASER
311

Fig. 5 The normalized frequency of (a) the second X and (b) second M
band-edge lasers as a function of air-hole radius (r/a) for each lattice con-
stant, 460 nm, 510 nm, and 550 nm. The dots represent the measured lasing
positions of the band-edge lasers. Calculated band-edge frequencies at the
second X, M by 3D PWE method are shown with lines. The insets of each
figure indicate the measured typical polarization states of each band-edge
lasers.

obtained by the 3D PWE method and are represented by
the lines in Fig. 5. The calculated frequencies of the X2
and M2 band edges agree closely with the observed spec-
tral positions for each lattice constant and air-hole radius.
The slight discrepancies between the experimental and cal-
culated results are believed to be originated from structural
imperfections and errors in the measurement of the lattice
constant and the air-hole radius. In addition, the frequencies
of the X2 and M2 band-edges are very close to each other, as
shown in Fig. 1(a). Thus, measurement of the lasing wave-
lengths is not sufficient to identify the lasing modes.

In order to confirm the identifications of the lasing
modes, the polarization states are investigated for each
band-edge laser. In the case of the X and M point band-edge
modes, there are two equivalent lasing oscillation pairs con-
sisting of two wave vectors having opposite directions. The
X2 mode has the lasing oscillation directions along the 0 de-
grees (x-direction) and 90 degrees (y-direction) with respect
to the boundary of the sample. However, these oscillations
will be split if the 4-fold symmetry is broken by structural
asymmetry. Therefore, either x-directional or y-directional
lasing oscillation is preferred in real situation. Then either y-
directional or x-directional linear polarization orthogonal to
the oscillation direction is observed, as shown in the inset of
Fig. 5(a). In the case of the M2 mode, similar analyses can
be applied: the polarization direction of either +45 degrees

Fig. 6 Collected powers at the lasing wavelength is plotted for (a) the
second X and (b) second M band-edge lasers as a function of incident peak
pump power.

or −45 degrees is observed as shown in the inset of Fig. 5(b).
In other words, the lasing modes with the polarization direc-
tion parallel to the boundaries of the photonic crystal pattern
corresponds to the second X band-edge mode, and the lasing
modes with the polarization direction diagonal to the bound-
aries of the pattern correspond to the second M band-edge
mode. The identification of the polarization state unambigu-
ously differentiates the X2 laser modes from the M2 band-
edge laser modes, for all samples with lattice constants in
the range from 400 nm to 600 nm.

Figure 6 shows the collected power at the lasing wave-
length as a function of incident peak pump power for the
typical second X and second M band-edge lasers. The
threshold peak pump powers of the X2 and M2 band-edge
lasers are ∼ 0.67 mW and ∼0.62 mW, respectively, with a
pumping spot size of ∼4 µm. These threshold values are
very low compared to that of the first K point triangular
band-edge lasers [12]. The threshold of the first K point
triangular band-edge laser with silica cladding was reported
bigger than 3 mW. The calculated large quality factors (Q)
of 1100 and 8700 of the X2 and M2 modes are partly re-
sponsible for the low threshold behaviors. For comparison,
the calculated quality factor in our FDTD simulation is only
350 for the first K point triangular lattice band-edge mode
of a slab structure with silica cladding.

3.3 Surface-Emitting Band-Edge Laser

In the low-index contrast structure, the Γ point band-edge
lasers reported the diffraction-limited divergence angles [9],
[10]. Since such structures need relatively large photonic
crystal areas for band-edge lasing, the number of the air
holes participating in the lasing actions is much larger than
that of the high index-contrast structure. As the number
of air holes of the photonic crystal patterns increases, the
wave vector is well determined in the proximity of the Γ
point so that the vertical emission with very low diver-
gence angle can be possible. On the other hands, we ob-
served the interesting emission characteristics from the high
index-contrast triangular lattice structure with 21 rows of
air holes through the far-field measurement setup explained
in Ref. [15]. The fabricated samples are pulse-pumped by
a 980 nm laser diode placed at the backside of the sample
so that the laser does not disturb the far-field measurement.
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Fig. 7 Typical lasing characteristics of the Γ point band-edge laser. (a)
The far-field image of the band-edge laser measurement. The center of
the image corresponds to the vertical direction. The circle indicates the
horizontal direction and the dotted hexagon represents the direction of the
sample. (b) The integrated radiation over the azimuthal angle is plotted as
a function of the polar angle. Maximum is positioned not at the 90 degree,
but at the 76 degree. (c) The CCD image of the band-edge laser. The dotted
hexagon represents the sample boundaries.

The backside of the sample is polished to reduce the scat-
tering losses. The photodetector is placed 30cm from the
sample. The angular resolutions of the azimuthal and polar
direction are 9◦ and 2◦, respectively. The far-field profile is
shown in Fig. 7(a). The measured far-field pattern over the
virtual hemisphere with the 30 cm radius is projected onto
a flat surface. The center of the 2D flat surface corresponds
to the vertical direction with respect to the sample surface.
Note that most of the radiation energy falls within ±30◦, as
shown in Fig. 7(b). This observation demonstrates vertical
emission characteristics of the Γ point band-edge laser. In-
terestingly, we observed the intensity minimum along the
vertical direction, as shown in Figs. 7(a) and (b). This can
be explained only when the coupling of the Γ point band-
edge modes with the free space modes are forbidden along
the exact vertical direction. In addition, the two opposite di-
rectional pairs of the far-field lobes are placed near the ver-
tical direction in Fig. 7(a) and two bright spots in the CCD
near-field image of Fig. 7(c) are placed along the two oppo-
site ΓX directions. We believe that the small imperfection
of the sample, such as slight elongation of the air holes and

Fig. 8 The normalized frequency of the Γ point band-edge laser as a
function of air-hole radius (r/a) for lattice constant, 874 nm. The closed
circles represent the measured lasing positions of the band-edge lasers.
From the lower frequency, the calculated second Γ(Γ2) third Γ(Γ3) fifth
Γ(Γ5), fourth Γ(Γ4) point band-edges by 3D PWE method are shown with
lines. Non-degenerate modes (Γ2, Γ4) and doubly-degenerate modes (Γ3,
Γ5) correspond to the dashed lines and the solid lines, respectively. The
spectral positions of the Γ4 and Γ5 band-edges are very close to each other.

Fig. 9 Collected powers at the lasing wavelength is plotted for the fourth
Γ point band-edge laser.

misplacement of the air holes are responsible for this obser-
vation of the far-field emission patterns.

The measured wavelength from the samples with lat-
tice constant of 874 nm ranges from the 1420 nm to 1540 nm
depending on the air hole radii. The spectral positions corre-
spond to the normalized frequencies of the Γ4 and Γ5 point
band edges, as shown in Fig. 8. On the other hands, Γ2, Γ3,
Γ4 and Γ5 band-edge modes have the symmetry reminiscent
of hexapole, doublely-degenerate quadrupole, monopole,
and doubly-degenerate dipole modes, respectively [9].

And those Γ point band-edge modes are classified into
B2, E2, A1, and E1 symmetry groups by the group theory
notation [14]. Since the mode propagating in free space with
vertical wave vector has E1 symmetry, the B2 (Γ2), E2 (Γ3),
and A1 (Γ4) band-edge modes except for the E1 (Γ5) mode
are not allowed to be couple into the free space because
of the symmetry mismatch. The alternative possibility is
that the Γ5 band-edge mode is a fully leaky mode and very
lossy. In fact, we are unable to separate this resonance in
our FDTD computation. Therefore, it is more likely that the
lasing bane-edge mode corresponds to the Γ4 mode.
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The measured threshold peak pump power of one of
the fourth Γ point band-edge laser is ∼ 2.1 mW, as is shown
in Fig. 9, which indicates this lasing mode has considerably
large optical loss. The calculated quality factor of the Γ4
mode for this structure is indeed only 550.

4. Analysis of Lasing Mode

4.1 Analysis of Polarization and Emission Characteristics
of In-Plane Emitting Band-Edge Lasers

In order to understand the characteristics of the in-plane-
emitting band-edge lasers, calculations are carried out for
finite structures with the 3D FDTD method. Figure 10(a)
shows the calculated electric field intensity profile of the X2
band-edge mode oscillating in the y-direction. One can se-
lect one mode between two X2 modes applying symmet-
ric conditions in the FDTD calculation. The transforma-
tion of this real-space mode pattern into the Fourier space
is shown in Fig. 10(b). As is expected in Fig. 10(a), most of
the guided modes are localized near the upper and bottom X
points in the k-space and this fact explains the mode oscilla-
tion along the y-direction. The field components with these
two opposing wave vectors form standing waves inside the
photonic crystal pattern, and the photons corresponding to
the standing waves have almost zero group velocity. On the
other hands, the light propagation out of the structure is ex-
plained again as finite-size effect [16]. The wave vectors not
localized at exact X points form quasi-standing waves which
have the nonzero group velocity along the y-direction.

In addition, the components in the light line indicated
by white circle in Fig. 10(b), which result from the spreading
of wave vectors, are able to couple with the free space prop-
agating modes. However, remember that these components
are much smaller than the in-plane loss. Therefore, the in-
plane-emitting band-edge laser emits mostly along and in-
side the slab and very small amount of the energy are emit-
ted out of the slab. Naturally, most of the photons emitted
into the free space have the y-directional wave vectors and

Fig. 10 (a) Top view of the electric field intensity profile of the second X
point band-edge mode. The gray circles represent the air holes. (b) Fourier
space field pattern of the second X point band-edge mode. The dotted
circle indicates the light cone. Both the slab thickness and air-hole radius
are 0.35a, the number of rows of air holes is 15.

the state of the polarization becomes the x-directional lin-
ear polarization. This is indeed confirmed in the inset of the
Fig. 5(a). The diagonal-directional linear polarization of the
M2 band-edge mode shown in the inset of Fig. 5(b) can also
be explained in a similar manner by the FDTD analyses.

4.2 Analysis of Emission Characteristics of Surface-
Emitting Band-Edge Lasers

In order to investigate the emission characteristics of the
Γ point band-edge lasers, far-field patterns are calculated
through the Fourier transformation of the electric field and
the magnetic field components parallel to the surface of the
photonic crystal, in which the field components are obtained
by the 3D FDTD method [18].

Figure 11 shows the calculated far-field patterns for the
Γ4 band-edge mode for the samples of different sizes. Gen-
eral features agree well with the experimental result. Major
radiation is directed along the near-vertical direction, and
the true vertical emission is not observed in Fig. 11. In addi-
tion, the divergence angle of the Γ point band-edge mode be-
comes smaller as the number of air holes increases. On the
other hands, in the Fourier space, wave vectors are localized
in the proximity of the six nearest Γ points and at the origin
(the fundamental Γ point placed inside light cone), as shown
in Fig. 12. As is expected, the photons with wave vectors
inside the light cone are non-negligible and the wave vec-
tors have relatively small transverse components. In other
words, if one sees carefully the center of k-space mode pat-
terns, there exists very small opening inside k-space local-
ization. This node demonstrates the impossibility of the ex-
act vertical emission, which is related to the symmetry mis-
match in the k-space. On the other hands, it is directly ob-
served that uncertainty of k-space decreases as the photonic
crystal size increase.

Additionally, if the six-fold symmetry is broken, the
coupling strengths to the each Γ point would be differ-
ent. However, the standing waves can still be form if the
structure has some mirror symmetry as in the case of the
y-directional or x-directional elongated structure. In such
cases, two or four opposing Γ wave vectors can construct
standing waves when those wave vectors are balanced with

Fig. 11 Calculated far-field patterns of the fourth Γ point band edge
modes in the case of samples with (a) N∼17 and (b) N∼21. Here, the size
parameter N corresponds to the number of air holes along the ΓK direction
at the center of the pattern.
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Fig. 12 Fourier space field patterns of the fourth Γ point band-edge mode
in the case of the samples with (a) N∼17 and (b) N∼21. The circle indicates
the light cone. Six bright spots outside the light cone correspond to the
nearest Γ points. All spots in the case of the structure of N∼21 are smaller
than those in the case of the structure of N∼17.

each other. The two lobes observed in the far-field measure-
ment are believed to have the origin of those reasons. In fact,
the directions of the lobes correspond to the two opposite Γ
direction.

5. Conclusion

We have demonstrated the lasing oscillation of a 2D pho-
tonic crystal lasers in high index-contrast photonic crys-
tal slab and have classified them into two groups accord-
ing to the emission direction. Operation points of in-plane-
emitting square lattice band-edge lasers are identified as the
second X band-edge point or second M band-edge point
through the measurement of the spectral position and the
polarization direction. This confirmation agrees well with
theoretical calculations by the 3D PWE method and the 3D
FDTD method. The main direction of the optical losses of
the in-plane emission device is found to be horizontal rather
than vertical. For triangular lattice surface-emitting pho-
tonic band-edge lasers operating near the Γ-point, it is in-
teresting to report that the emission into the exact vertical
direction is not observed. This observation can be explained
by the symmetry argument.
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