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To address the rapid increase in data traffic, data centers have increased the number of channels. However, current systems use
one semiconductor laser per channel, resulting in higher power consumption and costs due to the increased number of
components. To overcome these challenges, a new approach has been proposed, where light from a single laser with high output
power is branched to create multiple channels. However, existing telecommunication lasers have reached the limit in achieving
high output power with single-mode lasing. Therefore, we have conducted research on 1.3-um-wavelength InP-based photonic-
crystal surface-emitting lasers (PCSELSs) as a next-generation semiconductor laser that can achieve both single-mode lasing and
high output power. We have demonstrated single-mode operation with a high output power of over 200 mW under continuous-
wave conditions at room temperature by using dry-etching and regrowth techniques. In addition, we have achieved a high output
power of 4.6 W in short-pulsed operation. These results suggest that PCSELs can be used not only for communications but also
for sensing applications.

Keywords: photonic crystal, surface-emitting laser, photonic crystal laser, InP regrowth

1. Introduction 200 mW by introducing a double-lattice photonic

Network traffic volume continues to increase due to crystal,®® and watt-class high-power operation under
the widespread use of smartphones, the growing popularity short-pulsed conditions.©®
of social media networks and video streaming services, and
shifts in work styles such as remote work. To support these
services, data centers have increased the number of chan-
nels in order to handle the increasing network traffic
volume. However, this has led to rising costs due to higher

2. Lasing Principle of Photonic-Crystal
Surface-Emitting Lasers

power consumption and an increasing number of compo- Figure 1 (a) shows the device structure of the
nents due to the use of one semiconductor laser per InP-based PCSELs. In PCSELs, a two-dimensional (2D)
channel. To address these issues, a new approach has been photonic crystal (PC)*! is introduced near an active layer,
proposed. This approach involves branching the light from which enables the formation of stable 2D standing waves
a single laser with high output power to create multiple (or cavity modes) at its singularity point (I" point in
channels. However, current telecommunication lasers have Fig. 1 (b)). The 2D cavity mode is constructed through a
reached their limit in terms of achieving high output power direct 180° optical coupling and 90° indirect optical
with single-mode lasing. Therefore, the development of a coupling as illustrated in Fig. 1 (c), and the cavity mode is
next-generation semiconductor laser is necessary to over- coupled out to a vertical direction. Consequently, PCSELs
come the limitations of existing technology. exhibit stable single-mode lasing, even in a broad-area

Against this backdrop, we are collaborating with cavity with a diameter of several millimeters. Figure 2
Kyoto University on research and development of photon- compares the features of the PCSELs with conventional
ic-crystal surface-emitting lasers (PCSELs) as next-genera- lasers, such as distributed feedback (DFB) edge-emitting
tion semiconductor lasers to achieve single-mode and high- lasers, and vertical-cavity surface-emitting lasers
power operation. Gallium arsenide (GaAs) -based PCSELs (VCSELSs). To obtain high power with DFB lasers, it is
at a wavelength of ~940 nm have already been demonstrated necessary to extend the length of the resonator and widen
as a single-mode lasing with a high output power of the stripe width. However, this approach is limited by the
~10 W.0-@ We have extended this technology to InP-based design of the grating with a low optical coupling coeffi-
PCSELs in the wavelength range of 1.3 um to 1.55 um, cient, and also suffers from the issue of multi-mode lasing.
which are suitable for telecommunication and eye-safety Similarly, VCSELSs can increase output power by enlarging
applications. In this paper, we first describe the operating the aperture diameter, but also face the problem of multi-
principle and features of the PCSELs. Then, the fabrication mode lasing. Thus, conventional lasers have a tradeoff
process and the lasing characteristics of InP-based PCSELs between single-mode lasing and high output power. This
are explained. By utilizing an optimized dry-etching and tradeoff is due to the limitations of cavity size, as the direc-
regrowth techniques, we have successfully demonstrated tion of optical resonance is restricted to one direction and
several key achievements, such as single-mode lasing coincides with the direction of optical emission. In
under continuous-wave (CW) conditions at room tempera- PCSELs, the cavity size can be increased thanks to a 2D
ture,® single-mode lasing with a high output power of over optical resonance, and the optical light radiate in a vertical
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direction; therefore, the design flexibility improves because
the direction of optical resonance differs from the direction
of optical emission. By utilizing a properly designed PC, it
is possible to effectively eliminate higher-order modes,
leading to a single-mode lasing with high output power
from large-area devices. Additionally, PCSELs are capable
of emitting highly collimated beams with a narrow diver-
gence angle of 1° or less, thanks to the large-area coherent
resonance. Narrow beams are expected to reduce the
number of lenses and other optical components in telecom-
munication systems, potentially lowering the cost.
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Fig. 1. (a) Device structure of InP-based PCSEL, (b) photonic band structure,
(c) in-plane optical coupling within PC layer

3. Device Fabrication Process and
Air-Hole Formation

3-1 Device fabrication process

The device fabrication process of the InP-based
PCSEL is the following. First, an n-InGaAsP layer is
grown on an n-InP substrate through metalorganic vapor-
phase epitaxy (MOVPE). Then, a 2D double-lattice PC
structure is formed in the n-InGaAsP PC layer by using
electron-beam lithography and dry etching processes. The
lattice constant (a) of each lattice is set to ~400 nm in order
to operate at a wavelength of 1.3 pm. After the PC forma-
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Fig. 3. Concept of double-lattice photonic crystal
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Fig. 2. Features of PCSEL
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tion, an InP overgrown layer (spacer layer), an InGaAsP
multiple-quantum-well (MQW) active layer, a p-InP
over-cladding layer, and a p™-GalnAs contact layer are
grown atop a 2D PC by MOVPE regrowth. The diameter
of the p-electrode, which determines the current injection
area, is set to 200 pm. In order to achieve optical emission
from the substrate side, an n-electrode with a circular
window is formed. A double-lattice PC structure, consisting
of pairs of elliptical and circular air holes in each unit cell
(as shown in Fig. 3), is used to increase the efficiency of
surface emission by enhancing the asymmetry of PC. In
this PC structure, two square lattice PCs are shifted with a
certain distance (d) of the holes. In GaAs-based PCSELs,
high output power has been demonstrated by introducing a
double-lattice PC, which enhances vertical emission
through its asymmetric nature of the double-lattice PC.?
We have adopted this double-lattice PC for the first time in
the InP-based PCSELs and optimized the distance and
shape of holes to achieve high output power with single-
mode lasing.
3-2 Formation of high-aspect-ratio deep air holes
Figure 4 shows the fabrication flow of the formation
of air holes. An atomic force microscope (AFM) image
after InP spacer growth, and a cross-sectional scanning
electron microscope (SEM) image after the regrowth of
MQWs are also shown in Fig. 4. The feature of our PCSEL
is that the high-aspect-ratio deep air holes are formed under
the active layer via a thin InP spacer. This structure avoids
dry-etching damage to the active layer, as illustrated in
Fig. 4. By optimizing dry-etching conditions, we have
successfully achieved the formation of deep air holes with a
depth of over 400 nm with a small diameter of 100 nm,
which is required for the formation of double-lattice PC.?"
Moreover, we have also optimized regrowth conditions for
the formation of the air holes, resulting in the formation of
atomically flat surfaces even on the PC with a thin InP
spacer thickness of below 100 nm by enhancing lateral
growth.®) By adopting these optimized dry-etching and
regrowth conditions, deep air holes with a high aspect ratio
of over 5 have been formed. The depth of elliptical holes is
600 nm, and that of circular holes is 450 nm. As a result of
this investigation, it is possible to form a sufficient thick-
ness of a PC layer near the active layer. This enables high
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Fig. 4. Fabrication flow of formation of air holes. AFM image after regrowth
of InP spacer and cross-sectional SEM image after regrowth of
MQWs are also shown

optical confinement for both the PC layer and the active
layer, making it possible to design PCSELs with high
optical coupling coefficients.

4. Lasing Characteristics

Figure 5 shows the light output - current (L-/)
characteristics of the double-lattice InP-based PCSEL
under pulsed conditions with a pulse width of 1 pus and a
duty cycle of 0.1% at 25°C. The L-I characteristic of a
single-lattice PCSEL with circular air holes in the same
device configuration is also shown as a reference. The
optical power of the double-lattice PCSEL is much higher
than that of the single-lattice PCSEL, and the slope effi-
ciency of the double-lattice PCSEL is 25 times higher than
that of the single-lattice PCSEL. These results indicate that
the introduction of the double-lattice PC is effective to
enhance the slope efficiency as designed owing to the
asymmetry of the PC structure.

Figure 6 (a) presents the L-/ characteristics of the
double-lattice PCSEL under CW conditions at temperatures
from 25°C to 80°C. The lasing occurs at a threshold current
(1) of 230 mA (threshold current density (Ju): 730 A/cm?)
at 25°C, and the output power is 240 mW. The maximum
slope efficiency at 25°C is 0.21 W/A, and the maximum
power conversion efficiency is 11%. In PCSELs, the
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Fig. 5. L-I characteristics under pulsed operation at room temperature
(Pulse width: 1 us; Duty ratio: 0.1%)
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Fig. 6. (a) L-1 characteristics of double-lattice PCSEL under CW conditions
and (b) temperature dependence of threshold current density
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emitted light is diffracted upwards and downwards in prin-
ciple. By introducing a reflective mirror to reflect the light
towards the emission side, the optical power and slope effi-
ciency can be increased. Figure 6 (b) plots the temperature
dependence of the threshold current density. The character-
istic temperature*? (7,) is estimated from the temperature
dependence of the threshold current density with a
temperature range of 30°C to 80°C, and its value is 53.7 K.
This value is almost the same as those of conventional
InP-based DFB lasers, indicating that the temperature char-
acteristics of the PCSEL are comparable to those of DFB
lasers.

Figure 7 (a) shows lasing spectra under CW condi-
tions at 25°C, 50°C, and 80°C. The injection currents are
set to be close to the maximum optical power. Single-mode
lasing is obtained at all temperatures, even at a high output
power. The side-mode suppression ratio (SMSR) exceeds
48 dB. We have also confirmed that single-mode lasing
occurs at the low-current injection near the threshold
current. These results suggest that the PCSEL exhibit
mode-hop-free operation. Figure 7 (b) plots the tempera-
ture dependence of lasing wavelength shift. The wave-
length is shifted to longer wavelengths, with a wavelength
shift of 0.103 nm/K, which is almost comparable to
InP-based DFB lasers.

Figure 8 shows far-field patterns (FFPs) emitted from
PCSEL at an injection current of 1000 mA under CW
conditions at 25°C and 80°C. A circular beam with a
narrow divergence angle of below 1.5° is observed in a
temperature range of 25°C to 80°C. This result indicates
that single-mode lasing with narrow circular beams, which
is the unique feature of PCSELs, is maintained even at a
high temperature of 80°C.
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Fig. 7. (a) Lasing spectra of double-lattice PCSEL under CW conditions and
(b) temperature dependence of lasing wavelength
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Fig. 8. Far-field patterns at an injection current of 1000 mA under
CW conditions at 25°C and 80°C

The narrow circular beam is also expected to
contribute to the improvement of spatial resolution and
ranging distance in sensing applications, especially as light
sources for light detection and ranging (LiDAR). In the
case of time of flight (ToF)-system LiDAR applications,
lasers are operated under short-pulsed conditions with a
pulse width on the order of nanoseconds. Therefore, as an
initial evaluation on InP-based PCSELs for sensing appli-
cations, we have measured the L-/ characteristics under
short-pulsed conditions. Figure 9 shows the L-I character-
istics of the double-lattice InP-based PCSEL at room
temperature under short-pulsed conditions with pulse
widths of 2 ps and 20 ns and a pulse cycle of 1 ms. For a
pulse width of 2 ps, the optical power is saturated at an
injection current of 5 A, and the optical power is 700 mW.
On the other hand, for a pulse width of 20 ns, a signifi-
cantly high peak power of 4.6 W is achieved at the upper
limit of the injection current of 35 A. This peak power
represents the highest power ever obtained with an
InP-based PCSEL. It is worth mentioning that even higher
peak power could be achieved by using shorter pulse
conditions, increasing the device size, or optimizing the PC
design for pulsed operation.
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Fig. 9. L-I characteristics under short-pulsed conditions

Figure 10 shows the measured photonic band structure
of the InP-based double-lattice PCSEL in the vicinity of the
I' point at an injection current below threshold under the
pulsed condition with a pulse width of 1 ps and a duty
cycle of 0.1% at room temperature (RT). The band struc-
ture is obtained from spontaneous spectra for each angular
point, which corresponds to the in-plane wavenumber.®
The formation of four band-edge modes (A, B, C, and D in
increasing order of frequency) that reflect square-lattice PC
is clearly observed. The lasing mode is identified at band-
edge mode B from a comparison of the spectra below and
above the threshold. To evaluate the strength of optical
coupling within the PC structure, we have estimated the
in-plane optical coupling coefficients for 180° (kp) and
90° (x2p" and kop) diffractions from each band-edge
frequencies.® The estimated kip, and kp", and «p~ are 522
cm’, 193 cm’, and 131 cm?. We have validated these
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values by using a rigorous coupled-wave analysis
(RCWA),® which yielded coupling coefficients (kip, Kap',
Kop ) 0f 490 cml, 175 cm, and 141 cm’!, respectively. The
simulated values are consistent with the measurements,
indicating that the PC has been formed as designed. We
consider that the realization of relatively high 1op of
100 cm™! owing to the high-aspect-ratio deep air holes led to
single-mode lasing with a high SMSR in a wide operating
temperature range.
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Fig. 10. Photonic band structure of fabricated PCSEL

5. Conclusion

We have demonstrated high-power single-mode lasing
from 1.3-pm-wavelength InP-based double-lattice
PCSELs. The optical power of 240 mW has been achieved
with single-mode and a narrow circular beam under CW
conditions at room temperature. The high peak power of
4.6 W has been also exhibited under short-pulsed opera-
tion. These results prove that InP-based PCSELs are prom-
ising as a light source for optical communications and
sensing applications.
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Technical Terms

Photonic crystal: A periodic structure designed to
control the propagation state of light; by fabricating it
at a period resembling a wavelength of light inside
the material, it becomes possible to either confine or
guide light of a particular wavelength.

Characteristic temperature: An indicator of the basic
characteristics of a laser; a higher characteristic
temperature indicates that lasing is available at higher
temperatures.
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