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Abstract—We demonstrate a monolithic integration of
lateral-current-injection (LCI)-type membrane-based distributedfeedback (DFB) lasers and p-i-n-photodiodes (PDs) using a buttjointed built-in (BJB) structure bonded on a Si substrate using
benzocyclobutene. The BJB structure to be integrated to the membrane optical devices was prepared by organometallic vapor-phase
epitaxy. A threshold current of 280 μA was obtained under a roomtemperature continuous-wave condition by adopting a strongly
index-coupled DFB laser with a surface grating structure and a
λ/4-shift region. A low dark current of 0.8 nA was obtained with
the p-i-n-PD at a bias voltage of –1 V, and its photocurrent property coincided with the light output property of the membrane
DFB laser.
Index Terms—Distributed-feedback laser, lateral-current injection, membrane laser, optical interconnect, semiconductor
laser.

I. INTRODUCTION
PTICAL interconnects have been adopted in large data
centers or super computers [1]. Recently, optical communication has exhibited better performance than electrical interconnection in short range and this trend will continue. Furthermore, we expect the introduction of optical interconnection
to on-chip interconnection [2]–[4], which is ultimately a shortreach communication. In the on-chip interconnection technology, the current copper interconnects in the global wire layers
limit the performance of large-scale integration (LSI) circuits
because of its RC delay and heat generation [5], [6]. Therefore,
introduction of optical communication to on-chip interconnection is one of the solutions of such problems. In contrast to
conventional optical devices for long-haul transmissions, which
are required to emit output power from a few milliwatts to tens
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of milliwatts, the required output power for on-chip interconnection is from a few tens of microwatts to hundreds of microwatts
when the minimum receivable power of a p-i-n-photodiode (PD)
at a signal speed of 10 Gb/s is considered. In particular, the energy cost of the transmitter must be significantly less than 100
fJ/bit [7]. For this purpose, lasers with ultra-low power consumption, such as vertical-cavity surface-emitting lasers (VCSELs)
[8]–[10] and photonic-crystal (PhC) lasers [11]–[13], have been
extensively investigated. VCSELs with 45° mirrors have been
reported for in-plane optical interconnection [14]. A PhC laser
with an extremely low energy cost of 4.4 fJ/bit was demonstrated
at a signal speed of 10 Gb/s using an extremely small volume
of active region and a high-sensitivity avalanche PD (APD) for
a received optical power of approximately −30 dBm (1 μW)
[15]. However, the applied voltage of a typical APD is only a
few tens of volts, which is not suitable for integration with LSI
chips. Thus, adoption of a typical p-i-n-PD will be more realistic for on-chip optical interconnects, and the required optical
power will be one order of magnitude higher than that using an
APD [16].
We propose membrane distributed-feedback (DFB) lasers as
light source for on-chip optical interconnection because the
membrane structure, which consists of a thin semiconductor
core layer sandwiched by dielectric materials, is advantageous
in enhancing not only the optical confinement factor of the active region but also the index-coupling coefficient of the grating
[17], [18]. Hence, an ultra-low threshold operation can be realized by a membrane DFB structure [17]. In our previous works,
room-temperature continuous-wave (RT-CW) operation [19],
stable single-mode operation [20], [21], and CW operation up
to 85 °C [22] of a membrane DFB laser were demonstrated under
optical pumping. For the current injection-type membrane DFB
lasers, we introduced a lateral-current-injection (LCI) structure
[23] and realized RT-CW operations of the top air-cladding LCIFabry–Perot (FP) lasers [24] and DFB lasers [25], [26]. After
improving the internal quantum efficiency of an LCI-type laser
[27], [28], an RT-CW operation of an LCI-membrane FP laser
[29] and a low-threshold-current (390 μA) operation of an LCImembrane DFB laser bonded on a Si [30] were demonstrated.
For integration of the membrane laser to other optical devices
such as a GaInAsP wire waveguide [31] and a lateral junction
p-i-n-PD [32], we fabricated a butt-jointed built-in (BJB)
structure [33] and obtained a smooth structure prepared
by organometallic vapor-phase-epitaxy (OMVPE) regrowth
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TABLE I
OMVPE GROWTH CONDITIONS OF WAVEGUIDE LAYER
Material

Step 1
Step 2
Step 3

u-InP
u-GaInAsP
u-InP

Thickness
(nm)

Time
(min)

Growth Rate
(nm/min)

9
150
18

0.5
8
1

18
22
18

Temperature
(°C)
600
650
650

Fig. 1. Schematic diagram of a fabricated device. The λ/4-shifted LCImembrane DFB laser and lateral junction p-i-n-PD are connected by a BJB
waveguide.

Fig. 3. SEM image of the membrane BJB structure prepared by OMVPE
regrowth observed from the [0 1 1̄] direction.
Fig. 2.

Schematic diagram of the initial wafer structure.

method [34]. A sub-milliampere threshold current operation
of an LCI-membrane DFB laser with a BJB waveguide was
realized [35]. However, integration of the LCI-membrane DFB
laser and p-i-n-PD has not yet been demonstrated.
In this paper, we present a monolithic integration of an LCImembrane DFB laser and a lateral junction p-i-n-PD using a BJB
structure bonded on a Si substrate, as shown in Fig. 1. Section II
describes the fabrication method of the membrane BJB structure
for smooth surface with good connection between the active and
passive waveguides. Section III discusses the device structure
and fabrication process. Section IV presents the experimental
results of the fabricated device.
II. PREPARATION OF MEMBRANE BJB STRUCTURE
Because the scattering loss of a membrane structure is rather
sensitive to flatness owing to its strong optical confinement in
the semiconductor core layer, the section interface should be
smoothly connected for efficient coupling between sections in
a circuit. In this paper, the passive waveguide consists of a
u-Ga0.21 In0.79 As0.49 P0.51 (λg = 1220 nm) core with InP side
cladding layers to form a similar waveguide structure in the
active region. Fig. 2 shows the schematic diagram of the initial wafer structure, which consists of etch-stop layers (300nm-thick u-GaInAs and 100-nm-thick u-InP), a 50-nm-thick
p+ -GaInAs contact layer (Be-doped, NA = 8 × 1018 cm−3 ), a
100-nm-thick p-InP cap layer (Be-doped, NA = 1 ×
1018 cm−3 ), 90-nm-thick u-GaInAsP five quantum wells
(5QWs) (λg = 1520 nm) sandwiched by 15-nm-thick u-

Ga0.21 In0.79 As0.49 P0.51 optical confinement layers, and a 50nm-thick u-InP cap layer. The 5QWs, which consist of five 1%
compressively strained 6-nm-thick u-Ga0.22 In0.78 As0.81 P0.19 ,
are sandwiched between 0.15% tensile-strained 10-nm-thick uGa0.26 In0.74 As0.49 P0.51 barrier layers. These epitaxial layers
were grown by gas-source molecular beam epitaxy on an n-InP
(1 0 0) substrate. The total thickness of the core layer is 270 nm.
First, the active regions were covered with a 50-nm-thick SiO2
mask deposited by plasma-enhanced chemical vapor deposition
(PECVD). The mask shape is 10-μm wide and has a 20–300μm-long square shape defined by photolithography. Then, the
u-InP cap layer was etched by CH4 /H2 reactive ion etching
(RIE). The revealed GaInAsP layers were selectively etched by
wet chemical using a solution of H2 SO4 :H2 O2 :H2 O = 1:1:40 at
20 °C for 8 min. Then, a passive waveguide layer was selectively
regrown by OMVPE under three different growth conditions, as
listed in Table I. Fig. 3 shows the scanning electron microscope
(SEM) image of the fabricated BJB structure observed from the
[0 1 1̄] direction. The GaInAsP core layer in the passive section
is directly joined to the 5QWs, whereas the surface of the u-InP
layer in the passive section is slightly (∼20 nm) higher than
that in the active section. The photoluminescence (PL) intensity
value of the GaInAsP passive waveguide layer was measured to
be the same as that of a passive waveguide layer grown on an
n-InP substrate, and the PL peak wavelength was 1.22 μm in
both cases [34].
III. FABRICATION PROCESS AND DEVICE STRUCTURE
Fig. 4 shows a schematic diagram of a λ/4-shifted LCImembrane DFB laser and a lateral junction p-i-n-PD connected
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Schematic diagram of the cross section.

by a BJB waveguide. The p-i-n-PD has a multiple QW (MQW)
absorption layer, which is the same as the active layer of the
DFB laser section. A λ/4 phase shift in the DFB laser was
introduced to achieve a compact cavity length and a stable
single-mode operation. The device fabrication was initiated by
selective-area regrowth of the waveguide layer by OMVPE, as
explained in Section II. Next, a second-step regrowth of n-InP
(ND = 4 × 1018 cm−3 ) and p-InP (NA = 4 × 1018 cm−3 ) layers was carried out to form a lateral p-i-n junction structure. After the third-step regrowth process, a 1-μm-thick SiO2 cladding
layer was deposited by PECVD, and the wafer was bonded to a Si
host substrate using a benzocyclobutene (BCB) adhesive layer.
Although there is a report on good bonding using only BCB
layer [36], the SiO2 layer improved the reproducibility of bonding process in our experiments especially for wafer scale bonding without void at the interface. Subsequently, the InP substrate
side and etch-stop layers were removed by polishing and selective chemical etching, respectively, to expose the p+ -GaInAs
contact layer on the bonded wafer. The p-contact layer in the
unnecessary region was removed by selective wet chemical etching, and the p-InP cap layer in the n-side electrode region was
etched by CH4 /H2 RIE. Then, a Ti/Au electrode was deposited
by electron-beam evaporation. A grating mask pattern covered
with SiO2 was formed on the laser section using electron-beam
(EB) lithography. The exposed grating pattern was 120-nm-wide
and 298-nm-grating period. The grating was formed over the active region stripe across 7 μm length. The electron beam dose
condition was 180 μC/cm2 . To obtain same pattern width on
InP substrate, the exposure pattern width on membrane sample
needs approximately 1.25 times wider, because the back scattering on the membrane sample was smaller due to low electron
density of cladding layers. The alignment was performed by using Ti/Au cross-mark which was simultaneously deposited with
electrodes. Subsequently, the InP cap layer was etched by wet
chemical etching. Then, the substrate was cleaved into a bar form
at the passive waveguide section. The cleaving was performed
by using an automated wafer scriber. We have obtained the cavity length dependence of differential quantum efficiency from
the Fabry–Perot lasers fabricated by the same cleaving method
reported in the previous work [29]. The cleaved facet had no antireflection coating; hence, the facet reflectivity was calculated
to be approximately 20% for this membrane structure.

Fig. 5. Structure of the fabricated device. (a) Optical microscope image of
the top view. (b) SEM images of the top view. Left: DFB laser region. Right:
p-i-n-PD region.

Fig. 6. Light output and voltage-current characteristics of λ/4-shifted LCImembrane DFB laser.

Fig. 5(a) shows an optical microscope image of the top view
of the fabricated device. The stripe width of these devices was
0.7 μm, which satisfies a single-transverse-mode condition. The
cavity length of the λ/4-shifted LCI-membrane DFB laser LDFB
was 30 μm. The length of the passive waveguide section was
500 μm, and the length of the p-i-n-PD LPD was 200 μm. By
considering that the optical confinement factor of the 5 QWs
is 13% for a core thickness of 270 nm [18] and the absorption
coefficient of the QW is 6000 cm−1 , the required length of
the p-i-n-PD LPD for 90% absorption of the input power was
calculated to be only 30 μm. Fig. 5(b) shows SEM images of
the DFB laser and p-i-n-PD regions. We confirmed that surface
grating was accurately formed in the laser region.
IV. MEASUREMENTS RESULTS
The light output of the laser was measured from a facet
cleaved at the waveguide section with a length of approximately
500 μm, which is the opposite facet to the p-i-n-PD. Fig. 6
shows the light–current and voltage–current characteristics of
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the λ/4-shifted LCI-membrane DFB laser. A threshold current
Ith of 280 μA and an external differential quantum efficiency ηd
of 1% (rear waveguide output) were obtained. The differential
resistance at threshold current was 5.4 kΩ for the 30-μm-long
device. The distance from the electrodes to the edge of the active
region was approximately 3 μm. The reason of high differential
resistance was attributed to an unintentional impurity existence
of Si and C at the interface between Be-doped InP and regrown
Zn-doped InP confirmed by secondary-ion-mass-spectrometry
(SIMS). Therefore, by growing the p-InP layer on p+ -GaInAs
contact layer to avoid n-type doping of InP, the differential
resistance could be reduced to several hundred ohms for the
device with the same cavity length. The roll-off in light-output
characteristic was considered to be induced by joule heating, because the self-heating has small effects if low-threshold current
operation is achieved [37]. The threshold current density Jth
was 1350 A/cm2 (270 A/cm2 /well), which was approximately
three times higher than that (90 A/cm2 /well) of the longer cavity (100 μm) device fabricated on the same wafer. This poor
threshold current as well as the low ηd may be attributed to
a leakage current between the DFB laser and the loss of the
500-μm-long passive waveguide section because ηd =
22%/facet was obtained for the LCI-membrane FP cavity lasers
[29]. In order to achieve the target output power for error free
operation of p-i-n-PD, introduction of wire waveguide structure
for reducing absorption loss [31], distributed-reflector structure
for single directional output [38] will offer the significant improvements.
Fig. 7(a) and (b) show the lasing spectrum for the device
with cavity length of 30 and 100 μm, respectively. In Fig. 7(a),
the lasing wavelength was 1536 nm, and a side-mode (or submode) suppression ratio (SMSR) of 30 dB was obtained at a
bias current of 700 μA. The stopband could not be observed
from the measurement of 30-μm-long device. From a lasing
spectrum of another device with the cavity length of 100 μm
as shown in Fig. 7(b), the stopband width was observed to be
35 nm which corresponded to an index-coupling coefficient κi
of approximately 1600 cm−1 . The lasing mode at the center of
the stopband (1549 nm) indicates the effect of the λ/4-shifted
DFB cavity. Several lasing modes observed in the shorter wavelength side of the stopband also corresponds to the resonant
(and lasing) modes defined by the DFB grating. The stronger
mode than the mode at the center of the stopband was due to
mismatching of the gain peak wavelength. By adopting this κ
value, the grating coupling strength κLDFB of the 30-μm-long
DFB region was 4.8, which was sufficiently high to suppress the
threshold current density similar to that of the long cavity device. Therefore, we believe that the increased threshold current
density can be attributed to the leakage current or poor grating
coupling strength κLDFB due to non-uniformity.
Fig. 8 shows the cavity length dependence of obtained threshold currents for LCI-membrane DFB lasers with and without
λ/4-shift fabricated on same wafer, where the solid and dashed
lines show theoretical curves for them by assuming an internal
quantum efficiency (ηi ) of 75% which was obtained from the
cavity length dependence of an external differential quantum
efficiency of membrane Fabry–Perot cavity lasers [29]. The reduction of threshold current by shortening the cavity length was

Fig. 7. Lasing spectrum of λ/4-shifted LCI-membrane DFB laser for the
(a) L D F B = 30 μm and (b) L D F B = 100 μm.

Fig. 8. Cavity length dependence of threshold current of LCI-membrane DFB
laser with and without λ/4 phase shift. The solid and dashed lines show theoretical curves. Plots show obtained values from the measurement results.

confirmed. As for the lasers without λ/4-shift, the lasing operation was not obtained for cavity length of shorter than 80 μm. By
contrast, the λ/4-shifted lasers operated with 30-μm-long cavity
which was one-fifth of length of previous work. We can expect
the minimum threshold current of 100 μA by suppressing the
leakage current.
Next, we measured the optical transmission characteristics of
the fabricated optical link. The photocurrent of the p-i-n-PD integrated with the λ/4-shifted DFB laser through a 500-μm-long
BJB passive waveguide was measured. The responsivity of the
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Fig. 9. Photocurrent as a function of bias voltage of the PD for various injection currents to the membrane DFB laser.
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PD had little effect on the measured results. At a laser threshold
current of 280 μA, a kink in the photocurrent was observed, and
a photocurrent of approximately 3 μA was obtained for approximately 3 μW light output of the DFB laser. When we assumed
that the BJB passive waveguide (500-μm long) loss at the laser
output side was the same as that between the DFB laser and the
p-i-n-PD (500-μm long), the input light power to the p-i-n-PD
was approximately 1.25 times higher than the light output of
the DFB laser because the residual reflectivity of the cleaved
facet was approximately 20%. Hence, the effective input power
to the p-i-n-PD was calculated to be 3.75 μW, and the quantum efficiency of the p-i-n-PD was calculated to be 64%. In the
future, the optical loss of a BJB passive waveguide should be
measured to clarify the quantum efficiency of the p-i-n-PD. In
addition, the high-speed modulation characteristics of the membrane DFB laser as well as the high-speed performance of this
optical link should be investigated.
V. CONCLUSION

Fig. 10.

Photocurrent-injection current to the laser characteristics.

p-i-n-PD was separately measured for another device with the
same device length and stripe width. The measurement was carried out by coupling an external wavelength-tunable laser source
to the BJB passive waveguide of PD by using a spherical-lensed
single-mode polarization-maintaining fiber. The polarization of
output from fiber was controlled to be TE-mode. The coupling
efficiency between passive waveguide and lensed fiber was estimated to be 2.3% by comparing the light output power of
integrated DFB laser from a passive waveguide detected by
commercial vertically illuminated p-i-n-PD with the its power
collected by the lensed fiber. As a result, the responsivity of
0.8 W/A was estimated at a wavelength of 1550 nm. Fig. 9
shows the photocurrent versus voltage characteristics of the p-in-PD for various injection currents to the λ/4-shifted DFB laser.
The dark current of the PD was 0.8 nA at a bias voltage of −1 V.
The photocurrent was almost independent of the reverse bias
voltage up to an injection current of 600 μA.
Fig. 10 shows the photocurrent of the p-i-n-PD versus injection current to the DFB laser characteristics with a p-i-n-PD
bias voltage of −1 V, where the blue and red lines indicate the
light output characteristic of the DFB laser and the photocurrent,
respectively. In this measurement, both n-side electrodes were
set as a common ground, and the isolation resistance between
the p-side electrodes of the laser and the PD was approximately
80 MΩ. Therefore, the leakage current between the laser and the

In this paper, we demonstrated a monolithic integration of
a λ/4-shifted LCI-membrane DFB laser, a passive waveguide,
and a p-i-n-PD using a BJB structure on a Si substrate toward
on-chip optical interconnection. The fabrication of the BJB
structure was investigated for integration of membrane-based
optical devices. A flat and smooth BJB regrown structure was
obtained by controlling the OMVPE regrowth conditions and
the mesa shape of the active region. Integration of a λ/4-shifted
LCI-membrane DFB laser and a p-i-n-PD was performed. With
regard to the λ/4-shifted LCI-membrane DFB laser, a threshold
current Ith of 280 μA and a single-mode operation with a SMSR
of 30 dB were realized for the cavity length of 30 μm and stripe
width of 0.7 μm. Optical transmission between the laser and PD
was confirmed. The light output of the λ/4-shifted DFB laser
was successfully detected by the integrated p-i-n-PD. These
results show that a membrane-based optical interconnection using DFB laser and p-i-n-PD is promising for on-chip optical
interconnections.
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