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We experimentally demonstrate a transverse magnetic (TM) mode laser in a photonic crystal (PhC)
slab structure at room temperature. This study proposes a PhC nanobeam (NB) cavity to support a high-
quality-factor (Q-factor) TM mode. For a large and complete photonic band gap, the PhC NB structures
consist of large air holes in a thick dielectric slab. The PhC NB cavity is optimized numerically for a
high-Q-factor TM mode of over 1000 000 by reducing the radii of the air holes quadratically from the
center to the edge of the PhC NB. A single-TM-mode lasing action is observed in an In-Ga-As-P quantum
well (QW)-embedded optimized PhC NB cavity structure at room temperature via optical pulse pumping,
where the QW layer is lightly etched. We believe that the TM mode lasers in PhC NB cavities with a
lightly etched QW can be good candidates for a surface plasmon excitation source or a highly sensitive

optical sensor.
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I. INTRODUCTION

Photonic crystals (PhCs) are employed to control the
light-matter interaction using the photonic band gap (PBG)
effect [1-3]. In particular, two-dimensional (2D) PhC slab
structures have been considered a useful platform for pho-
tonic integrated circuits owing to the three-dimensional
(3D) perfect guiding [4,5], easy fabrication [6,7], and scal-
ability of such structures [8]. However, most of the studies
conducted on the topic have been related to the transverse
electric (TE) mode because of the existence of large PBG
for TE polarization and weak coupling between TE and
transverse magnetic (TM) polarizations in a thin slab [9].
Since Notomi’s report, a nanobeam (NB) structure has
been substituted for a 2D PhC slab structure owing to not
only the ultrahigh quality (Q) factor but also the small-
est possible dielectric cavity [10—12]. There are several
advantages of the NB cavity: for example, the simple struc-
ture for a high-QO-factor cavity [11,12], low laser threshold
[13—15], high-density integration [16,17], ultralow-power
optical switching [18,19], and easy integration with a
silicon waveguide geometry [20]. Hence, various sen-
sor applications of NB cavities have been demonstrated,
such as refractive index sensing [21-23], nanoprobe for
biosensing [24], optomechanical sensing [25], and mag-
netic field sensing [26]. It was reported that thick NB
structures can have high-Q-factor resonant modes with
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both TE and TM polarizations [27]. In our previous report,
we proposed that a thick NB cavity with a horizon air gap
can be a good candidate for ultrasensitive refractive index
sensing [23]. However, there has been no experimental
demonstration of TM-mode lasers in NB slab structures
because of the discouragement of the coupling to the TM
mode in compressive strain at quantum wells (QWs) [28].
There are properties peculiar to TM polarization, such as
surface plasmon excitation and strong confinement in the
horizontal air gap. In this study, we propose a NB cavity
with a thick slab that consists of a 1D array of air holes
with quadratic size modification. The numerical results
show that a NB structure with a thick slab has a large
and complete PBG. In addition, we experimentally demon-
strate a single-TM-mode laser operation in an optimized
NB cavity with an In-Ga-As-P multiple QW layer, which
is lightly etched for sensing applications. The lasing mode
is confirmed by numerical simulation based on a scan-
ning electron microscopy (SEM) image of the sample. We
believe that the TM-mode NB laser is a good candidate for
a compact on-chip TM-polarization light source for surface
plasmon excitation and has various sensor applications.

I1. DESIGN AND OPTIMIZATION

The photonic band structures of NBs are calculated
using the plane wave expansion method with MPB (MIT
Photonic Bands) simulation software [29,30]. The struc-
tural parameters are indicated in the right-hand inset of
Fig. 1(a). The period (a), thickness (¢), width (w), and
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FIG. 1.

Optimization of NB cavity. (a) Photonic band structure of NB with r/a = 0.415 (solid lines) and »/a = 0.395 (dashed lines).

(b) Normalized frequency of the TM BE mode (k = 7 /a) as a function of the radius of the air hole. (c) E; field profile of TM cavity
mode at the horizontal plane (upper) and vertical plane (lower). Wavelength and Q factor of TM cavity mode as a function of (d)
maximum difference of radii, (¢) number of modulated holes, and (f) QW etching depth. The left-hand inset in (a) indicates the E. field
profile of the sixth TM BE mode marked with the red circle and the right-hand inset in (a) is a schematic image of the NB structure.
The upper insets in (c) show the cut-view of the NB cavity and the strategy of light confinement in the cavity by reducing air holes

quadratically.

refractive index of the slab are set as 563 nm, 520 nm, 1.6a,
and 3.25, respectively. Figure 1(a) shows the band struc-
tures for two different hole sizes (r/a = 0.415 and 0.395).
For each case, a wide PBG is observed between the sixth
TM band (red solid line) and the seventh TM band (black
solid line). The normal electric field (£ ) profile of the sixth
TM band-edge (BE) mode at the wavevector, k = 7 /a (red
circle), is shown in the inset of Fig. 1(a). Subsequently,
we obtain the frequency of the TM BE mode as a func-
tion of the radius. As shown in Fig. 1(b), as the radius
increases, the TM bands blue-shift owing to the reduction
in dielectric materials. Therefore, if a NB with a large air
hole is surrounded by a NB with small air holes, the sixth
TM BE mode can be localized in the region of large air
holes owing to the PBG effect of the NB with small air
holes. Moreover, the sixth TM BE mode lies inside the TE
pseudo-band-gap; therefore, the sixth TM BE mode can be
strongly confined by a complete PBG effect [31]. The TM
cavity mode of the NBs is optimized using the home-made
3D finite-difference time-domain (FDTD) method. The NB
cavity in Fig. 1(c) is composed of 25 air holes, which are
gradually tapered according to the following equation [23]:

ri=r.— Ar x i*/N?,

(M

where r7; is the radius of the ith air hole, 7. is the radius of
the center air hole, Ar is the maximum difference between
the air hole radii in the NB, N is the number of modu-
lated air holes on one side, and i is the index of the air hole
position from the center. To minimize propagation loss
along the waveguide, we set the radius of the air holes sur-
rounding the modulated holes equal to ry (i.e., g = ry).
Figure 1(c) shows xy- and xz-cut views of the E, field pro-
file of the optimized TM cavity mode. The amplitude of
the E, field has a maximum at the center and gradually
decreases along the NB.

First, we investigate the effect of Ar on the Q factor
(QOrot) at fixed N. The total cavity loss (1/Qy) is decom-
posed into waveguide propagation loss (1/Qwg), verti-
cal scattering loss (1/0,), and horizontal scattering loss
(1/0p). For N = 8, the Q factor is maximized at approx-
imately 2 000000 when Ar is set to 0.02a, owing to the
minimum optical loss in all channels, as shown in Fig. 1(d).
Subsequently, we set Arto 0.02a and calculate the Q factor
as a function of N, as shown in Fig. 1(e). The Q fac-
tor increases and saturates as N increases, owing to the
saturation of the cavity loss in all channels. We also inves-
tigate the Q factor and resonant wavelength as functions
of the QW etching depth. The Q factor remains unchanged
but the wavelength shifts significantly. This implies that
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the electric field intensity is strongly localized in the QW
etching region, which is advantageous for highly sensitive
optical sensing [32,33].

I11. FABRICATION

Optimized NB cavities are prepared using a standard
fabrication technique for III-V semiconductor nanolasers
[34,35]. In this study, we fabricate NB cavities on
two types of In-Ga-As-P QW wafers. One is an
In-P/In-Ga-As-P QW slab on an In-Ga-As sacrificial
layer and the other is an In-Ga-As-P/In-Ga-As-P QW
slab on an In-P sacrificial layer. We name the NB cav-
ities fabricated on the In-P/In-Ga-As-P QW wafer and
In-Ga-As-P/In-Ga-As-P QW wafer as In-P NBs and In-
Ga-As-P NBs, respectively. The fabrication process is
identical for both wafers, except for the final wet-etching
step [36]. First, poly(methyl methacrylate) (PMMA) is
spin-coated onto the wafer. Next, photonic crystal pat-
terns are defined using electron-beam lithography. The
PMMA layer is hardened by electron-beam irradiation and
Ar ion milling, and the pattern is transferred to wafers by
chemically assisted ion-beam etching. The PMMA layer is
removed by O, plasma ashing. Finally, for the In-P NBs,
the membrane is subsequently released by two etching
processes. The first wet-etching process involves remov-
ing the In-Ga-As sacrificial layer underneath the In-P slab
using a mixture of succinic acid solution (C4HgO4) and
hydrogen peroxide (H,O,) in a volume ratio of 20:1 at
room temperature. A second wet etching is performed
to selectively remove the In-Ga-As-P QW layer with a
mixture of citric acid solution (C¢HgO7) and hydrogen
peroxide in a volume ratio of 5:1 at a low temperature
of approximately 4°C [37,38]. From the SEM images
in Fig. 2(a), the thickness of the In-P is estimated to
be approximately 520 nm, and the QW etching depth is
approximately 17 nm. It is worth noting that the QW layer
is atomically flat owing to the epitaxial growth, so the
thickness of the etched QW is also ultrauniform, which
can enhance the sensitivity of the refractive index of the
surrounding media by monitoring the frequency of the

() |l

FIG. 2.
slab sample.

TM mode [23,32,37]. For the In-Ga-As-P NBs, a single
wet-etching process is performed with 20% diluted HCI
solution to remove the In-P sacrificial layer. The thickness
of the In-Ga-As-P slab is approximately 530 nm, as shown
in Fig. 2(b). During the wet-etching process, there is no
issue about stiction because the slab thickness is about two
times thicker than a typical nanobeam cavity for TE modes
[11,13,14,35].

IV. CHARACTERIZATION AND DISCUSSION

We optically characterize the fabricated devices with a
980-nm laser diode at room temperature, where the pulse
duration and width are 2 s and 10 ns, respectively. The
pump beam is focused on the device via an objective
lens at 40x magnification. The pump spot size is esti-
mated as 3 wm in diameter. Photoluminescence (PL) is
collected with the same objective lens and delivered to the
monochromator to analyze the spectral characteristics of
the lasing mode [39].

We observe single-mode operation from both In-P NBs
and In-Ga-As-P NBs. Figure 3 shows the lasing spectra of
the two In-P NBs at room temperature. Single-lasing peaks
are observed at 1534 and 1594 nm. From the SEM image,
the structural parameters are estimated to be: a = 563
nm, 7, = 0.415a, r, = 0.399a, and w = 1.60a. In order
to figure out what the lasing mode comes from, we per-
form 3D FDTD simulation with the estimated structural
values from the SEM image of the lasing sample to com-
pare the resonant wavelength of the high-Q mode with the
peak wavelength in the emission spectra. One TM mode
with a high Q factor is found near a lasing wavelength
of 1534 nm. The calculated wavelength and Q factor are
1555 nm and 160 000, respectively. In addition, the E, field
profile is identical to that of the target TM BE mode, as
shown in the inset of Fig. 3(a). In particular, the electric
field intensity is strongly localized at the boundary of the
NB, where the QW is lightly etched laterally [23,40]. There
is also a TE cavity mode [41]. However, the calculated
wavelength is 1508 nm, which is far from the lasing peak,
and the Q factor is 1000, which is less favorable for lasing

SEM images of the fabricated In-Ga-As-P QW-embedded NB cavity samples. (a) In-P NB slab sample. (b) In-Ga-As-P NB
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FIG. 3. Lasing spectra from the In-P NB samples. (a) Lasing spectrum from the TM mode in the symmetric NB sample. (b) Lasing

spectrum from the TM mode in the asymmetric NB sample. The inset images are the sample SEM image, the calculated E. field, and

E? profile of the TM mode from top to bottom, respectively.

action. We perform the same analysis on the asymmetrical
In-P NB laser, as shown in the top inset of Fig. 3(b). The
estimated structural parameters are as follows: a = 571
nm, 7, = 0.407a, r; = 0.349a, and w = 1.10a. We find a
TM mode with a wavelength of 1618 nm and a Q factor of
17000, as shown in the middle inset of Fig. 3(b). There is
a TE mode at a wavelength of 1441 nm, but the O factor
is 520 [41]. Owing to the inherent radiation characteris-
tics of the TM mode, the emission is not captured with an
infrared charged-coupled device. In addition, because of
the poor thermal conductivity of the QW etching NB cav-
ity, we cannot obtain the light-in-light-out (LL) curve and
near-field image at the lasing action.

In addition, we observe the lasing action of the TE mode
from In-Ga-As-P NBs. From the SEM image in the top
inset of Fig. 4(a), the structural parameters are estimated
as follows: a =573 nm, r. = 0.343a, r, = 0.302a, and
w = 1.12a. Here, the thickness of the In-Ga-As-P slab is
530 nm, which is 10 nm thicker than that of the In-P slab.
With 3D FDTD simulation, a TE mode is found near the
lasing wavelength of 1473 nm. The simulated wavelength

is 1478 nm and the Q factor is approximately 150 000 [31].
There is a TM mode at a wavelength of 1447 nm, but the
Q factor is relatively low at approximately 44 000. In par-
ticular, the H, field profile of the TE mode is well balanced
to reduce the optical loss similar to the photonic bound
states in the continuum [42]. Figure 4(b) shows the LL and
linewidth characteristics that have threshold behavior of
lasing action. The threshold peak pump power is 160 pW
and linewidth reduction is observed near the threshold. It
is worth noting that the corresponding threshold power
density of about 2.3 kW/cm? is a typical value in PhC
NB lasers [14,15,37], and the slit in experiments is set to
100 wm, which corresponds to 1-nm spectral resolution
[43]. The near-field image shown in the inset of Fig. 4(b)
is captured above threshold, which reveals a strong spot at
the center of the NB marked with the white dashed line.
It is evidence that the lasing mode is strongly localized
in the NB. Figure 4(c) shows typical lasing characteris-
tics of evolution of the emission spectrum with increasing
pump power, where one peak grows rapidly with increas-
ing pump power. The laser emission is linearly polarized
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FIG. 4. Characteristics of lasing action from the In-Ga-As-P NB sample. (a) Lasing spectrum from the NB sample. (b) LL curve.
(c) PL spectra at different pump powers. The inset images in (a) are the sample SEM image, the calculated H, field profile of the TE
cavity mode in the normal direction, and the E? profile from top to bottom, respectively. The insets in (b),(c) are the near-field image

and the polarization property at lasing action, respectively.
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along the perpendicular to the length of the NB as shown
in the inset in Fig. 4(c), which is one typical property of
a NB laser [13—15,35]. From the polarization state and the
near-field image of a laser, we can see whether the las-
ing mode is coming from the TE mode or the TM mode
[44]. In the case of TE mode, the radiation direction is
essentially perpendicular to the slab, so a sharp spot image
and linear polarization perpendicular to the NB direction
are observed above threshold. However, in case of TM
mode, the radiation direction is parallel to the slab, so the
near-field image is not clear and the polarization is not
perfectly linear. We characterize multiple In-Ga-As-P NBs
and observe lasing actions primarily from TE cavity modes
[44]. Multimode lasing originates from the third TE mode,
and the sixth TM cavity mode is also observed, which is
confirmed by 3D FDTD analysis with estimated parame-
ters [44,45]. It is worth noting that due to the inaccuracy
of the refractive index of the In-Ga-As-P/In-P slab and the
error of the extracted structural parameters, there may be
some error between the lasing peak wavelength and the
calculated resonant wavelength.

V. CONCLUSION

We experimentally demonstrate TM-mode lasers in a
thick PhC NB slab structure at room temperature. The
NB cavity is numerically optimized by gradually reduc-
ing the air holes from the center to the edge of the NB
cavity to realize a high-Q TM mode of over 1000 000.
Two types of TM-mode lasers are fabricated on two epi-
taxial wafers. The first type is In-P NBs, in which a QW
is laterally etched to enhance environmental sensitivity,
and the second type is In-Ga-As-P NBs without QW etch-
ing. Single-mode lasing action is observed in both In-P
NB and In-Ga-As-P NB at room temperature via optical
pulse pumping. The TM laser mode is confirmed by SEM
image-based numerical simulations. We believe that TM-
mode lasers with a lightly etched QW can be an efficient
surface plasmon polariton excitation source and be used as
highly sensitive optical sensors.
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