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A lateral-current-injection (LCI) membrane distributed-feedback (DFB) laser with a surface grating structure (incorporating a slight step) emitting in
the 1550 nm wavelength range was fabricated on a Si substrate by the adhesive bonding of benzocyclobutene. For a semiconductor membrane
thickness of 158 nm and a surface grating depth of 30 nm, a threshold current of as low as 390 µA, with a corresponding threshold current density
of 540 A/cm2, was obtained for a cavity length of 360 µm and a stripe width of 0.2 µm under a room-temperature continuous-wave (RT-CW)
condition. © 2015 The Japan Society of Applied Physics

T

o date, LSI performance has undergone continuous
improvement through downscaling. However, with
miniaturization, conventional electrical global wiring
structures face limitations due to RC delays, heat generation,
and large power dissipation. As a promising solution to these
problems, optical interconnections have been studied extensively in recent years. To successfully realize these devices, it
was pointed out that their total power dissipation of an optical
link should be less than 100 fJ=bit at a signal speed of 10
Gbps.1) Therefore, the development of an ultralow-powerconsumption semiconductor laser with a small footprint is
crucial. In attempts to satisfy these requirements, low-power
dissipation operations of vertical-cavity surface-emitting
lasers (VCSEL)2,3) and photonic crystal lasers4–6) have been
reported. An alternative candidate also exists in the form
of a membrane distributed-feedback (DFB) laser,7) with a thin
(approximately 150–200 nm) semiconductor core layer sandwiched between low-refractive-index cladding layers such as
air, SiO2, or benzocyclobutene (BCB). The membrane laser is
expected to operate with ultralow-power-consumption because of the strong optical conﬁnement in the active layer
caused by its high-index-contrast structure.7–10) Previously,
we demonstrated an optically pumped membrane DFB
laser with a low threshold pump power of 0.34 mW under a
room-temperature continuous-wave (RT-CW) condition.11,12)
Furthermore, by introducing a lateral current injection
(LCI) structure,13) we demonstrated current-injection-type
GaInAsP=InP membrane Fabry–Perot (FP) lasers14,15) and
DFB lasers.16,17) Then, the internal quantum eﬃciency of the
GaInAsP=InP membrane FP laser was improved by increasing
the top surface thickness of the InP cap layer to 50 nm.18) For
membrane lasers on a Si substrate, we developed a membrane
FP cavity laser under an RT-CW condition19,20) and Matuo
et al. also demonstrated LCI membrane DFB lasers with direct
bonding21) at a threshold current of 0.9 mA. Recently, the
low-threshold-current (390 µA) RT-CW operation of the
GaInAsP=InP LCI membrane DFB laser bonded on a Si
substrate has been demonstrated with a relatively long cavity
of 360 µm and a very narrow stripe of 0.2 µm.22) However,
its low threshold property was not well understood because
of its poor optical conﬁnement to the active region.
In this letter, we report that the optical conﬁnement factor
of the active region of the previously reported GaInAsP=InP
membrane DFB laser22) was found to be enhanced by the

Fig. 1. (Color online) Schematic structure of fabricated LCI membrane
DFB laser consisting of surface grating structure.

addition of a small step of the stripe geometry, which is the
origin of the very low threshold current operation.
Figure 1 shows the schematic structure of the fabricated
membrane DFB laser with the surface grating structure. The
top and bottom cladding layers are air and SiO2, respectively.
The core layer consists of three 1% compressively strained
Ga0.22In0.78As0.81P0.19 quantum wells (CS-3QWs, 6 nm thick)
and 0.15% tensile-strained GaInAsP barriers (TS, 10 nm
thick). The total thickness of the core layer, including 50-nmthick top and bottom undoped-InP surface passivation layers,
is 158 nm.18) Here, the nondoped InP layer was inserted
between a Be-doped (NA = 8 × 1018 cm−3) p+-GaInAs contact layer [an initial wafer grown by gas-source molecular
beam epitaxy (GSMBE)] and a p-InP (Zn-doped, NA = 2 ×
1018 cm−3) layer [second growth by organometallic vapor
phase epitaxy (OMVPE)] in order to suppress an optical loss
due to the diﬀusion of the p-dopant from the p+-GaInAs
contact layer.
The device was fabricated as follows. An initial wafer
consisting of GaInAsP core layers, grown on an n-InP
substrate by GSMBE, was used. The LCI structure was then
formed through two-step OMVPE selective area regrowth.
Firstly, a 7-µm-wide mesa structure was formed using a
CH4=H2 dry etching process with a SiO2 mask. n-InP was
then selectively regrown on the side of the mesa as a cladding
layer. Then, after the etching of the mesa on the n-type
cladding layer side, p-InP was regrown in the same manner.
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Fig. 2. (Color online) SEM view of fabricated membrane DFB laser:
(a) cross-sectional view and (b) top view.

Fig. 3. (Color online) Simulated mode proﬁle of the designed structure
for Ws = 0.2 µm with (a) ﬂat structure and (b) selective area regrowth
structure, and for Ws = 1.0 µm with (c) ﬂat structure and (d) selective area
regrowth structure.

Next, after the deposition of 1-µm-thick SiO2 and 2-µm-thick
BCB layers, the wafer was bonded upside down on a BCBcovered Si host substrate. Compared with direct bonding21)
that required a small surface roughness of less than 1 nm, a
high success rate with bonding is expected by using BCB.
After bonding, the InP substrate and etch-stop layers were
removed by polishing and wet chemical etching. Then,
following the removal of the top p+-GaInAs contact layer
(apart from the p-contact section) by wet chemical etching,
Ti=Au electrodes were evaporated. Finally, since the equivalent indices neq of the thick (158 nm) and thin (128 nm)
parts of the membrane structure were calculated to be 2.326
and 2.156, respectively, DFB patterns of various periods
(between 347.5 and 365.0 nm) with a 2.5 nm step were
formed through an electron-beam lithography (EBL) process.
The various periods were designed to match the Bragg
wavelength to 1560 nm, which was measured from the gain
peak of FP lasers fabricated from the same wafer. The depth
of the surface grating was 30 nm and the index-coupling
coeﬃcient κ was estimated to be approximately 2300 cm−1.
Figure 2(a) shows a cross-sectional scanning electron
microscopy (SEM) image of the resultant membrane laser.
The top and bottom cladding layers of air and SiO2 , and the
LCI structure can be seen with a stripe width of Ws = 0.2 µm.
However, as stated above, the interface between the semiconductor membrane and the SiO2 cladding is not completely
ﬂat: a small step (50 nm high and 0.6 µm wide) exists after
the selective area growth of the n- and p-InP cladding
layers. Figure 2(b) shows a top-view SEM image of the same
sample. As can be seen, the surface grating pattern is clearly
visible with a period Λ of approximately 360 nm.
Figure 3 shows the simulated mode proﬁles of the membrane DFB laser for [(a) and (b)] Ws = 0.2 µm and [(c) and (d)]
Ws = 1.0 µm, and also for [(a) and (c)] a completely ﬂat structure and [(b) and (d)] a partly thick structure, where simulation
was conducted using ﬁlm mode matching. In the case of
Ws = 0.2 µm, the optical mode is not well conﬁned within the
active region width for the completely ﬂat structure while, for
the selective area regrowth structure, it is well conﬁned owing
to the InP cladding layer step formed during the selective

area growth. A small diﬀerence is observed between these
structures in the case of Ws = 1.0 µm, because the optical
mode is almost conﬁned within the active region width.
Figure 4(a) shows the simulated optical intensity distribution proﬁles along the horizontal direction at the center of
the quantum wells in the above-mentioned four cases. As
can be seen, the intensity proﬁle has long tails in the case of
Fig. 3(a) compared with other three cases; hence, the optical
conﬁnement factor of the active region degrades signiﬁcantly
because the diﬀerence between the equivalent indices of the
active and InP cladding regions is not suﬃciently large to
conﬁne the optical mode in the horizontal direction.
By varying the stripe width with ﬁxed step height (50 nm)
and step width (0.6 µm) conditions at both sides of the active
region, the optical conﬁnement factor averaged by the
number of quantum wells was calculated for the stripe
structure with steps (painted circles) and for a completely ﬂat
structure (open triangles), as shown in Fig. 4(b). It can be
seen that the optical conﬁnement factor per quantum well of
the completely ﬂat structure is almost the same as that of
the stripe structure with steps when Ws is suﬃciently large,
but it decreases sharply when Ws < 0.6 µm, and becomes less
than half (0.30%=well) of the latter one (0.65%=well) when
Ws = 0.2 µm. As shown here, the step structure is advantageous in terms of strong optical conﬁnement in a narrow
stripe case. The growth rates and times required to obtain
the shape in Fig. 2(a) were 23 nm=min and 4.8 min, and
49 nm=min and 2.2 min for p-InP. We think that the step
height and width of the ﬂat region can be controlled by
choosing the appropriate growth rate and time.
Figure 5(a) shows the light output–current (P–I ) and
voltage–current (V–I) properties of the membrane DFB laser
under an RT-CW condition. The core thickness and cavity
length were 158 nm and 360 µm, respectively. As can be
seen, a threshold current of 390 µA and an external diﬀerential quantum eﬃciency (DQE) of 3.1% from the front facet
were obtained. Considering a membrane FP laser with a
cavity length of 440 µm fabricated from the same wafer,
which showed a threshold current of 1.4 mA, the reduction
in threshold current is considered to be attributable to an
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Fig. 4. (Color online) (a) Simulated optical intensity distribution on various structures and (b) optical conﬁnement factor per well as a function of stripe
width for ﬂat structure and selective area regrowth structure.
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Fig. 5. (Color online) Lasing properties of membrane DFB laser: (a) light output and V–I characteristics and (b) lasing spectrum.

increase in the reﬂectivity of the surface grating structure.
The poor DQE, however, is considered to be attributable to
the strong grating coupling coeﬃcient of κ = 2300 cm−1. On
the other hand, the V–I curve showed a strange tendency in
almost all devices obtained from this wafer. Even though
the rise-up voltage was found to be 0.8 V, the bias voltage VB
gradually increased with the injection current, and VB at
the threshold was almost 2 V. The diﬀerential resistance
(ΔV=ΔI) at an injection current of 3 mA was approximately
350 Ω, which was 7-fold higher than the theoretically estimated value of around 50 Ω. In typical semiconductor lasers,
ΔV=ΔI should be clamped above the threshold because the
stimulated emission becomes dominant, however, the soft
rise-up property of the V–I curve in Fig. 5(a) indicates the
existence of strange potential barriers as opposed to a simple
p–n junction, and it might aﬀect the leakage current as well as
the threshold current but the fraction of the leakage current
could not be evaluated. This is an ongoing problem to be
solved in the future.
Figure 5(b) shows the lasing spectrum of the membrane
DFB laser. Although a single-longitudinal-mode spectrum
was not observed in this membrane DFB laser, the mode
spacing was not uniform, whereas it was observed to be

0.5 nm for the FP laser (cavity length of 720 µm) fabricated
from the same wafer. Furthermore, the stopband was not
observed clearly since the stopband width was estimated to
be 56 nm, which was too far from the gain peak wavelength
(1560 nm) to observe resonant modes on the longer wavelength side of the stopband.
From these values, the eﬀective refractive index (or group
index) of the membrane waveguide structure was determined
to be neﬀ = 3.40, which seems to be only 10% smaller than
that of conventional BH lasers emitting in the 1.5 µm range.
On the other hand, neﬀ = 3.80 was obtained for FP lasers
with a thicker (220 nm) membrane structure.20) Since the
large discrepancy between the eﬀective index neﬀ and the
equivalent index neq of the membrane structure was explained
for Si-wire waveguides on SOI or air-bridge structures by
Sakai et al., which increases with the light wavelength,23)
the discrepancy (neﬀ − neq) is larger than 1 at the 1.5–1.6 µm
wavelength.
Figure 6 shows the cavity length dependences of the
threshold currents of the membrane FP and DFB lasers for
the 3QW active region. As can be seen, the stripe structure
with steps (solid lines) has a lower threshold current than a
completely ﬂat stripe structure (dashed lines), owing to the
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higher optical conﬁnement factor into the active region.
Although the measured threshold current 390 µA of the
membrane DFB laser is slightly higher than the calculated
value for the completely ﬂat structure, it is much lower than
that of membrane FP lasers. From this ﬁgure, we can expect
an ultralow-threshold-current operation of approximately
15 µA, with a cavity length of 25 µm. These values are
appropriate for use in on-chip optical interconnects.
In conclusion, we demonstrated a low-threshold-current
operation of a 1.56-µm-wavelength membrane DFB laser
with BCB bonding on a Si substrate. As a result, a threshold
current of as low as 390 µA was obtained for a cavity length
of 360 µm and a stripe width of 0.2 µm. Even though a clear
single-mode operation was not observed, this low threshold
property can be explained by the increased optical conﬁnement factor of the active region, due to the formation of a
slight step during the embedding growth of the InP cladding
layers.
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