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We demonstrated 20-Gbit/s direct modulation with a low energy cost of the membrane distributed-reflector (DR) laser whose static lasing char-
acteristics were previously reported by Tomiyasu et al. in Appl. Phy. Express 10, 062702 (2017). As a small-signal modulation characteristic,
a modulation current efficiency of 12GHz/mA1/2 was obtained. In 20-Gbit/s direct modulation using a non-return-to-zero 211 % 1 word-length
pseudorandom bit sequence signal, a clear eye opening with a bit-error rate of 6.4 ' 10%10 was obtained with a bias current of 1.06mA and a bias
voltage of 1.76V, which resulted in a record low energy cost of 93 fJ/bit among membrane distributed-feedback (DFB) and DR lasers ever
reported. © 2018 The Japan Society of Applied Physics

F
or decades, the performance of Si large-scale inte-
grated circuits (LSIs) has been progressively im-
proved with downscaling.1) However, the increase in

the speed of data transmission and global wire layers has
reached the performance limitations of LSIs owing to RC
delays and large power dissipation in global wire layers.2,3)

The introduction of high-speed optical data transmission with
ultralow power consumption for on-chip interconnections
can be an attractive solution to overcoming these problems.
Many optical devices with Si photonics technology have
been demonstrated because of their small footprints and low
fabrication costs resulting from their high index contrast and
compatibility with the complementary metal–oxide–semi-
conductor (CMOS) fabrication process.4,5) Several ap-
proaches have been developed for integrating III–V devices
on Si substrates with highly crystalline III–V semiconductor
layers such as direct wafer bonding, heteroepitaxial growth,
and benzocyclobutene (BCB) bonding.6–8)

In addition, a semiconductor laser with ultralow power
consumption is needed for the extensive replacement of
electrical interconnections with optical interconnections. The
available energy consumption for on-chip optical intercon-
nections should be approximately 100 fJ=bit or less;9) that is,
a power consumption less than 1mW is required at a data rate
of 10Gbit=s. Several research groups have investigated the
low-power-dissipation operations of vertical-cavity surface-
emitting lasers (VCSELs),10–12) microdisk lasers,13,14) and
photonic crystal lasers (PC-LDs).15–17) Although VCSELs
have been introduced into short-reach board-to-board optical
communication at datacenters and supercomputers owing
to their potential for high-speed direct modulation with
low energy consumption,18) 45° total-reflection mirrors are
required to establish in-plane integrated circuits with
VCSELs.19) Microdisk lasers and PC-LDs have demonstrated
low-energy-cost data transmission in in-plane optical links.

We have proposed membrane distributed-feedback (DFB)
and distributed-reflector (DR) lasers as high-efficiency light
sources with ultralow power consumption for on-chip optical
interconnections and membrane photonic integrated circuits
(MPICs).20–22) The semiconductor membrane structure, con-
sisting of a thin (250–400 nm) semiconductor layer sand-
wiched by low-refractive-index dielectric cladding layers or
air, can enhance the optical confinement into the active layer.

Consequently, low-threshold-current operation and small-
footprint devices can be realized owing to the high optical
modal gain and high index-coupling coefficient of the grating
in the DFB and distributed-Bragg-reflector (DBR) structures.
The DR structure enables the increase in light output at one
side owing to the high reflectivity of the DBR structure at
the opposite side. Therefore, membrane lasers, especially
membrane DR lasers, are expected to be one of the promising
light sources for on-chip optical interconnections.

Recently, we have demonstrated a low threshold current
and high-efficiency operation with membrane DR lasers
bonded on a Si substrate by using benzocyclobutene (BCB)
polymer.23) Moreover, continuous-wave (CW) operation up
to 90 °C24) and 10-Gbits=s direct modulation with a modula-
tion current efficiency factor (MCEF) of 7.9GHz=mA1=2

were demonstrated.25) After the investigation of drastic wave-
guide loss reduction,26) we obtained a membrane DR laser
with high external differential quantum efficiency as well as
high power-conversion efficiency.27,28)

In this paper, we report high-speed direct modulation of
the membrane DR laser whose structure, fabrication process,
and static lasing characteristics were reported in a previous
paper.27) The fabricated device has 32-µm-long DFB and 50-
µm-long DBR sections, and a 0.8 µm stripe width, as shown
in Fig. 1(a), and an active region consisting of five GaInAsP
strained quantum wells sandwiched by InP layers with a total
thickness of 270 nm. These InP layers prevent nonradiative
recombination on surface GaInAsP layers. In order to achieve
high-efficiency operation, we reduced the doping concen-
tration of the p-InP side cladding layer and shortened the
distance between the edges of the p-side electrode and the
active section. Since a high doping concentration of 2 × 1018

cm−3 of the p-InP side cladding layer resulted in a high wave-
guide loss of 42 cm−1 in our previous works,29) we reduced
the doping concentration of the p-side cladding layer to
5 × 1017 cm−3 and obtained a waveguide loss of 22 cm−1.26)

However, this reduction in the doping concentration causes
an increase in the series resistance between the p-side elec-
trode and the active section. Therefore, the distance between
the edge of the p-side electrode and the active section was
reduced from 3 to 1.6 µm.27) Moreover, the BCB thickness
was reduced from 2 µm to approximately 500 nm to lower
the thermal resistance. From a simulation of the thermal
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resistance of the device structure, these changes will reduce
the thermal resistance from 3400 to 2000K=W.

Figure 1(b) shows the light–current (L–I ) and current–
voltage (I–V ) characteristics of the device under RT–CW
conditions. The power was measured with a 10-mm-diameter
GaInAs photodiode with National Institute of Standards
and Technology (NIST) traceable calibration. The threshold
current was as low as Ith = 0.21mA, corresponding to a
threshold current density Jth of 820A=cm2. The light output
increased linearly with the injection current, showing an
external differential quantum efficiency for front-side output,
ηdf, of 32%, up to an injection current of approximately 1.5
mA. The maximum output power was 0.52mW when the
injection current was increased to 3.2mA. Compared with our
previously reported membrane DR lasers that operated up to
90 °C under a CW condition and for which thermal roll-off
was observed at around 2.2mA,24) a higher CW operation
temperature can be expected. Actually, high-temperature CW
operation (100 °C) and high-speed modulation (25.8Gbit=s)
of membrane DFB lasers directly bonded on SiO2=Si sub-
strates have been reported,30) where the thermal resistance was
estimated to be around 700K=W for the active region length
of 73 µm. A low threshold current and high-differential-
quantum-efficiency operation were achieved owing to the
reduction in waveguide loss. The differential series resistance
dV=dI and the voltage at the threshold current, Vth, were 880Ω
and 1.0V, respectively. The differential series resistance of
880Ω is close to the value of 740Ω achieved with almost the
same cavity length in a previous work,25) because the resist-

ance increase due to the effect of the low-doped p-InP side
cladding layer was compensated by shortening the distance
between the p-side electrode and the active section.

The direct modulation characteristics of the device were
determined from the small-signal modulation response and
20-Gbit=s large-signal modulation. First, the small-signal
response was measured using a vector network analyzer
(VNA). An electrical modulation signal was applied to the
device via a 40GHz high-speed ground-signal (GS) RF probe
with a 100 µm pitch. The optical output signal was coupled
to a spherical-lens single-mode fiber. Finally, the collected
optical signal was detected with a 20-GHz PIN-trans-imped-
ance amplifier (TIA) photoreceiver. From the measurement
of the electrical transmission characteristics of S21 and S11
using a DFB laser with the same structure, the bandwidth
limited by the RC constant fRC of the device was found to be
about 13.7GHz. Since the relaxation oscillation frequency fr
measured from the relative intensity noise (RIN) coincided
with that determined by small-signal response measure-
ment,31) S21 for bias currents ranging from 0.46 to 1.21mA
was found to be as shown in Fig. 2(a). As the bias current
was increased to 1.21mA, both fr and the 3-dB bandwidth
f3dB increased. At a bias current of 0.77mA, f3dB reached
11.2GHz, which implies that not only 10-Gbit=s operation
but also 15-Gbit=s operation can be expected with a bias
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Fig. 1. (a) Schematic of the membrane DR laser. (b) Current–light and
current–voltage characteristics.
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Fig. 2. Results of small-signal modulation measurement: (a) responses of
S21 measured under various bias current conditions and (b) plots of relaxation
oscillation frequency and 3-dB bandwidth versus square root of bias current
above threshold.
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current of approximately 1.0mA. The maximum f3dB of 13.6
GHz was obtained at a bias current of 1.77mA. From the
small-signal modulation response, fr and f3dB were obtained
as functions of the square root of bias current above the
threshold current, as shown in Fig. 2(b). The slopes of fr
(MCEF) and f3dB were 12 and 15GHz=mA1=2, respectively.
The MCEF of 12GHz=mA1=2 is slightly higher than the value
of 11GHz=mA1=2 previously reported for a membrane DFB
laser with the DFB section length of 50 µm.32)

Finally, 20-Gbit=s large-signal direct modulation and bit-
error-rate (BER) measurements were performed. Figure 3(a)
shows the measurement setup. An electrical data signal of the
non-return-to-zero (NRZ) modulation scheme with a 211 − 1
word-length pseudorandom bit sequence (PBRS) was gen-
erated by an arbitrary waveform generator. Figure 3(b) shows
the 20-Gbit=s electrical input signal to the device. The optical
output was amplified by an Er-doped fiber amplifier (EDFA),
and the amplified spontaneous emission (ASE) was filtered
by a tunable bandpass filter. The amplified optical power was
monitored and attenuated using a variable optical attenuator
before the 20-GHz PIN-TIA photoreceiver.

Figure 4(a) shows the BER characteristics of the mem-
brane DR laser at a data rate of 20Gbit=s as a function of
average received power. The bias current for the device and
modulation voltage swing were set to 1.06mA and 0.45Vpp,
respectively. The minimum BER of 6.4 × 10−10 was obtained
at an average received power of −4.8 dBm, which was
slightly higher than that in our previous work on the mem-
brane DFB laser (−6 dBm for a BER of 10−9 at 10Gbit=s).32)

This result demonstrates the feasibility of using the mem-
brane DR laser as a light source with ultralow power con-
sumption for on-chip optical interconnections. Figure 4(b)
shows the 20-Gbit=s eye diagram measured at an average
received power of −4.8 dBm. As can be seen, the eye
opening was confirmed. Noise was moderately suppressed
because the absorption section at the rear of the device
prevented signal reflection back to the cavity. From a bias
voltage of 1.76V at an injection current of 1.06mA, the
energy cost for this modulation was obtained as 93 fJ=bit. To
the best of our knowledge, this is the lowest value reported
for membrane DFB and DR lasers. A low energy cost of
97 fJ=bit under 25.8Gbit=s modulation was demonstrated for
a similar DR laser bonded on a SiO2=Si substrate, which had
a differential resistance of less than 80Ω and was biased at

only 1.04V.33,34) If we can reduce the differential resistance
and the bias voltage similarly, the energy cost can be reduced
to around 55 fJ=bit (at 20Gbit=s).

In conclusion, we have demonstrated the high-speed direct
modulation of a membrane DR laser with a threshold current
of 0.21mA, an external differential quantum efficiency of
32%, and a maximum power conversion efficiency of 12.5%.
A high modulation current efficiency of 12GHz=mA1=2, a
minimum BER of 6.4 × 10−10, and an energy cost of 93 fJ=bit
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were obtained for a data rate of 20Gbit=s with a bias current
as low as 1.06mA and a modulation voltage of 0.45Vpp.
These results show that the membrane DR laser is a feasible
light source for on-chip optical interconnections.
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