Home

Search

Collections

Journals

About

Contact us

My IOPscience

High-differential quantum efficiency operation of GaInAsP/InP membrane distributed-reflector
laser on Si

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2017 Appl. Phys. Express 10 062702
(http://iopscience.iop.org/1882-0786/10/6/062702)
View the table of contents for this issue, or go to the journal homepage for more
Download details:
IP Address: 131.112.10.178
This content was downloaded on 19/07/2017 at 18:18
Please note that terms and conditions apply.

You may also be interested in:
Room-temperature continuous-wave operation of membrane distributed-reflector laser
Takuo Hiratani, Daisuke Inoue, Takahiro Tomiyasu et al.
90 °C continuous-wave operation of GaInAsP/InP membrane distributed-reflector laser on Si substrate
Takuo Hiratani, Daisuke Inoue, Takahiro Tomiyasu et al.
Waveguide loss reduction of lateral-current-injection type GaInAsP/InP membrane Fabry–Pérot laser
Takahiro Tomiyasu, Takuo Hiratani, Daisuke Inoue et al.
Room-temperature continuous-wave operation of GaInAsP/InP lateral-current-injection membrane laser
bonded on Si substrate
Daisuke Inoue, Jieun Lee, Kyohei Doi et al.
Thermal properties of lateral-current-injection semiconductor membrane Fabry–Perot laser under
continuous-wave operation
Takuo Hiratani, Kyohei Doi, Jieun Lee et al.
Preliminary reliability test of lateral-current-injection GaInAsP/InP membrane distributed feedback
laser on Si substrate fabricated by adhesive wafer bonding
Kai Fukuda, Daisuke Inoue, Takuo Hiratani et al.
Distributed Reflector Laser Integrated with Active and Passive Grating Sections Using Lateral
Quantum Confinement Effect
Kazuya Ohira, Tomonori Murayama, Hideki Yagi et al.
Low-threshold-current operation of membrane distributed-feedback laser with surface grating bonded
on Si substrate
Yuki Atsuji, Kyohei Doi, Takuo Hiratani et al.

Applied Physics Express 10, 062702 (2017)
https://doi.org/10.7567/APEX.10.062702

High-differential quantum efﬁciency operation of GaInAsP/InP membrane
distributed-reﬂector laser on Si
Takahiro Tomiyasu1, Takuo Hiratani1, Daisuke Inoue1, Nagisa Nakamura1, Kai Fukuda1, Tatsuya Uryu1,
Tomohiro Amemiya1,2, Nobuhiko Nishiyama1,2, and Shigehisa Arai1,2*
1

Department of Electrical and Electronic Engineering, Tokyo Institute of Technology, Meguro, Tokyo 152-8552, Japan
Institute of Innovative Research, Tokyo Institute of Technology, Meguro, Tokyo 152-8552, Japan

2

*E-mail: arai@pe.titech.ac.jp
Received March 20, 2017; accepted April 17, 2017; published online May 9, 2017
The high-external differential quantum efﬁciency operation of a GaInAsP/InP membrane distributed-reﬂector laser bonded on a Si substrate was
achieved by adopting a short cavity design and reducing the waveguide loss and differential resistance. A threshold current of 0.21 mA, an external
differential quantum efﬁciency of 32% for the front-side output, and a power-conversion efﬁciency of 12% were obtained with a 32-µm distributed
feedback section length, a 50-µm distributed-Bragg-reﬂector section, and a 0.8-µm stripe width. A side-mode suppression ratio of 41 dB was
obtained at a bias current of 1 mA. © 2017 The Japan Society of Applied Physics

emarkable progress has been made in transistor
technology, in accordance with the scaling law.1)
However, electrical interconnects in global wire
layers continue to experience RC delay and Joule heating
problems.2,3) Therefore, the introduction of high-speed and
ultra-low power consumption optical communication for onchip interconnections is attracting attention.2–4) The available
transmitter energy for on-chip optical interconnections is
assumed to be less than 100 fJ=bit,5) implying that the power
consumption should be less than 1 mW at a 10-Gbps datatransmission speed in an on-chip optical interconnection
system; thus, an ultra-low power consumption laser is crucial.
We estimate that the light output should be greater than
0.16 mW at 10 Gbps with error-free operation, under the
assumption of a −13-dBm (50 µW) minimum receivable
power for a PIN photodiode, for a bit-error rate (BER) of
10−9 and a link budget of 5 dB.6) Further, assuming a lightsource bias voltage of approximately 1 V, the light output
should be greater than 0.16 mW at a bias current of 1 mA.
Low-power consumption lasers, such as vertical-cavity
surface-emitting lasers (VCSELs),7–9) microdisk lasers,10,11)
and photonic crystal lasers (PC-LDs),12–14) have been
extensively studied. VCSELs are widely used in short-reach
transmissions and supercomputer optical interconnects; however, in-plane integration schemes, such as 45° total reﬂection mirrors with waveguides, are needed for the on-chip
optical interconnects.15) An extremely low energy cost of
<5 fJ=bit was demonstrated using a PC-LD and an avalanche
photodiode, which requires a bias voltage of a few tens of
volts;14,16) however, the energy cost on the receiver side is far
higher than that for the transmitter laser.
To realize a transmitter laser with a low threshold current
and high-eﬃciency operation for an on-chip light source,
we proposed semiconductor membrane distributed-feedback
(DFB) and distributed-reﬂector (DR) lasers. The semiconductor membrane structure consists of a thin semiconductor
core layer sandwiched between low-refractive index dielectric materials or air. Therefore, the optical conﬁnement factor
of the active layers is enhanced by a factor of approximately
three compared with that for a conventional double-heterostructure laser.17) Because this strong optical conﬁnement
eﬀect enhances not only the modal gain but also the indexcoupling coeﬃcient of the gratings in the DFB and distributed-Bragg-reﬂector (DBR) structures, low-threshold current

R

operations and small-footprint devices can be realized.18)
Thus, the membrane laser not only is a compact and lowpower consumption laser similar to VCSELs, microdisk
lasers, and PC-LDs, but also has the great advantage of a high
light output-coupling eﬃciency to in-plane waveguides
owing to the edge emitting laser structure. We had demonstrated low-threshold current (0.2–0.3 mA) membrane DFB
lasers; however, the external diﬀerential quantum eﬃciency
for an output from the front side was <12%.19,20) A 10-Gbps
direct modulation of the membrane DFB laser with a BER of
10−9 was achieved at a bias current of 1 mA.20)
To increase the external diﬀerential quantum eﬃciency for
the front-side output, we realized a membrane DR laser consisting of a DFB section, with a DBR at its rear. We obtained
a threshold current as low as 0.25 mA (threshold current
density of 1.2 kA=cm2) and an external diﬀerential quantum
eﬃciency of 11% from a front waveguide, with a light output
ratio of 6.7 between the front and the rear, using DFB and
DBR section lengths of 30 and 90 µm, respectively.21) Then,
after adjusting the grating period of the DBR section, a low
threshold current of 0.29 mA (threshold current density of
880 A=cm2) and a high external diﬀerential quantum eﬃciency of 23% from the front side were obtained using DFB
and DBR section lengths of 30 and 50 µm, respectively.22)
However, the light output power at a bias current of 1 mA
was 0.12 mW, which was insuﬃcient for the aforementioned
condition of the light source for on-chip applications.
Herein, we report a membrane DR laser that exhibits a low
threshold current and the highest external diﬀerential quantum eﬃciency ever reported for a membrane laser. By adopting a lower doping concentration of the p-InP side cladding
layer and a shorter distance between the p-side electrode
and the active region than those of previous work,22) the low
diﬀerential quantum eﬃciency due to the high waveguide loss
was resolved. A threshold current of 0.21 mA, an external
diﬀerential quantum eﬃciency of 32% from the front facet,
and a power-conversion eﬃciency of 12% were obtained. A
light output higher than 0.16 mW was obtained at a bias
current of 1 mA.
The structure of the fabricated membrane DR laser is
shown in Fig. 1(a). This device was fabricated using the
same initial wafer used in our previous work,22) which
consisted of ﬁve GaInAsP quantum wells sandwiched by InP
optical conﬁnement layers with a total thickness of 270 nm.
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Fig. 2. I–L and V–I characteristics of the fabricated membrane DR laser.
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Fig. 1. (a) Schematic of the membrane DR laser, (b) photomicrograph of
the fabricated device, (c) cross-sectional SEM view of the fabricated device.

After the ﬁrst selective-area regrowth of the GaInAsP passive
waveguide with a bandgap wavelength of 1.22 µm, using
organometallic vapor-phase epitaxy (OMVPE), the n- and
p-InP side cladding layers were separately regrown to form
a lateral-current-injection structure.23) Compared with the
previous work,22) the doping concentration of the p-InP side
cladding layer was reduced from 2 × 1018 to 5 × 1017 cm−3 in
order to reduce the optical absorption loss from 42 to
22 cm−1.24) Next, a 1-µm-thick SiO2 cladding layer was
deposited, and the III–V wafer was bonded to the Si substrate
using benzocyclobutene (BCB). The BCB thickness was
reduced from 2 µm to approximately 500 nm in order to
reduce the thermal resistance.25)
Because the reduction of the doping concentration reduces
the optical absorption but increases the series resistance
between the p-side electrode and the active region, the distance between the edge of the p-side electrode and the edge of
the active section was reduced from 3 µm (in our previous

work) to 1.6 µm, to compensate for the resistance increase due
to the eﬀect of the lower doped p-InP side cladding layer.
After evaporating the p- and n-side electrodes, a 60-nm-deep
surface grating was formed by wet chemical etching, where
the grating coeﬃcient was expected to be approximately 1,800
cm−1. Figure 1(b) shows a photomicrograph of the fabricated
device. The DFB active section length, LDFB, and the DBR
passive section length, LDBR, were 32 and 50 µm, respectively. This DBR length can provide a reﬂectivity higher than
95%.21) The front facet was formed by cleaving. Figure 1(c)
shows a cross-sectional scanning electron microscopy (SEM)
image of the fabricated device. The stripe width, Ws, and the
distance between the edges of the p-side electrode and the
active section, W, were 0.8 and 1.6 µm, respectively.
Figure 2 shows the current–light (I–L ) and current–voltage
(I–V ) characteristics of the device shown in Fig. 1 under
room-temperature continuous-wave operation. The periods of
both the DFB and DBR gratings were set as 298 nm, to match
the Bragg wavelength in both the regions. A threshold current,
Ith, of 0.21 mA, corresponding to a threshold current density,
Jth, of 820 A=cm2, and an external diﬀerential quantum
eﬃciency, ηdf, of 32% for the front-side output were obtained.
To our knowledge, ηdf = 32% is the highest value reported
thus far for membrane-type DFB=DR lasers,19–22,26,27) and
among the previously reported membrane DFB and DBR
lasers, the present laser exhibited the lowest threshold current
and highest diﬀerential quantum eﬃciency. Moreover, the
light output from the front side was 0.16 mW at a bias current
of 0.84 mA, satisfying the aforementioned condition for a
light source for on-chip applications. In addition, a diﬀerential
resistance of 880 Ω was obtained, which is lower than that in
our previous work.22)
The lasing spectrum of the device at a bias current of
1.0 mA (almost ﬁve times Ith) is shown in Fig. 3; single-mode
operation at 1,535 nm with a side-mode suppression ratio of
41 dB was observed. The Bragg wavelength of the DFB
section was intentionally not detuned from its gain peak
wavelength, and the amount of wavelength detuning was
estimated to be only 5 nm. The resonant modes in the longerwavelength side of the stopband were not clearly observed,
because they were approximately 40 nm away from the Bragg
wavelength and their optical gains were considerably low.
The index-coupling coeﬃcient, κi, was estimated to be
approximately 1,800 cm−1, according to the stopband width
of the other devices fabricated at the same time.
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Fig. 3. Lasing spectrum of the membrane DR laser at a bias current of
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Fig. 4. Power-conversion eﬃciency of the membrane DR laser. The
maximum power-conversion eﬃciency, ηPCmax, of 12.5% was obtained at a
bias current of 0.64 mA, and the power-conversion eﬃciency at an output
power of 0.16 mW (I = 0.84 mA) was 12.2%.

Figure 4 shows the power-conversion eﬃciency, according to the L–I and I–V characteristics shown in Fig. 2.
A maximum power-conversion eﬃciency, ηPCmax, of 12.5%
was obtained at a bias current of 0.64 mA, whereas a value of
5.5% was reported for a membrane-type PC-LD.14) A powerconversion eﬃciency, ηPC, of 12.2% was obtained at a bias
current of 0.84 mA when the light output power reached
0.16 mW. In the case of an on-chip membrane photonic
integrated circuit, the facet reﬂection is negligible, and the
power-conversion eﬃciency, ηPC, can be improved to approximately 30% by reducing the distance between the p-side
electrode and the active section to 0.8 µm.
The DFB section length dependence of the threshold
current of the membrane DR laser with a one-side cleaved
facet was calculated, as shown in Fig. 5(a); a threshold
current of 0.11 mA can be obtained for a DFB section length
of 32 µm, which is approximately 0.1 mA lower than that
obtained in the experiment. This discrepancy is attributed
to the leakage current through the interface between the
active and passive waveguide sections. Thus, the introduction
of a current-blocking trench22) is essential for reducing
the threshold current. On the other hand, as observed in
Fig. 5(b), the external diﬀerential quantum eﬃciency of 32%
agrees well with the theoretical value of 36%.
In conclusion, we demonstrated the low-threshold current
and high-external diﬀerential quantum eﬃciency operation of

Fig. 5. Calculated DFB section length dependences of the (a) threshold
current and (b) external diﬀerential quantum eﬃciency from the front facet.

a membrane DR laser for on-chip optical interconnections.
A threshold current of 0.21 mA was obtained for DFB and
DBR section lengths of 32 and 50 µm, respectively. The 32%
external diﬀerential quantum eﬃciency for the light output
from the front facet agreed well with the theoretical value.
Additionally, a maximum power-conversion eﬃciency of
12% was obtained by reducing the waveguide loss, adopting
a lower doping concentration for the p-InP cladding layers,
and reducing the diﬀerential resistance by shortening the
distance between the p-side electrode and the active section.
Further, the power-conversion eﬃciency was increased by up
to 30% by reducing the distance between the p-side electrode
and the active section.
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