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Abstract—TIn this paper, the state-of-the art of long-wavelength
GalnAsP/InP membrane semiconductor lasers, one of the most
promising candidate light sources for optical interconnects and
on-chip optical wiring between large-scale integrated circuits, is
described. After an extensive review of research activities focused
on laser preparation on either Si or Si-on-insulator substrate, the
findings of our recent research activities on low power consump-
tion lasers are presented. Specifically, our interest was set on the
low-damage fabrication of strongly index-coupled grating, which is
generally opted forDFB and distributed reflector (DR) lasers con-
sisting of wire-like active regions, as well as of high index-contrast
membrane waveguides. A submilliampere threshold current and a
differential quantum efficiency close to 50% from the front facet
were achieved in the case of the DR laser. On the other hand,
a lateral current injection (LCI) structure, which can be com-
bined with the membrane laser, was adopted for the realization
of an injection-type membrane laser. The successful continuous
wave operation of LCI lasers, prepared on a semiinsulating InP
substrate, was achieved with moderately low threshold current at
room temperature.

Index Terms—DFB laser, distributed reflector (DR) laser,
GalnAsP/InP, optical interconnect, optical wiring, semiconduc-
tor laser, single-mode laser, Si-on-insulator (SOI) circuits, III-V
materials.

1. INTRODUCTION

INCE the operating speed of large-scale integrated circuits
(LSIs) is increasing year by year, following the miniatur-
ization of process nodes, RC delay time and power dissipation of
high-speed signal transmission between relatively distant points
will eventually limit the performance of LSIs. Consequently, the
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introduction of on-chip optical wiring has become one of the
promising solutions to overcome this emerging problem [1].
Recently, enormous effort has been devoted to realize func-
tional optical/photonic devices/integrated circuits on Si or Si-
on-insulator (SOI) substrates by means of advanced Si-CMOS
technologies [2]-[4], and a new field called “silicon photonics”
is being established [5].

The optical absorption loss of single crystal Si becomes neg-
ligible at a wavelength longer than 1.2 ym even when it is used
as a core material of optical waveguides such as a Si wire buried
in SiO9 or a Si rib waveguide. The transmission loss of these
waveguides is dominated by the scattering loss due to the in-
terface roughness between high index contrast materials. In the
past, an extremely low propagation loss of 0.35 dB/cm, which
is, however, better than the value reported for optical waveg-
uides consisting of III-V materials, has been demonstrated [6].
Passive optical components and functional photonic integrated
circuits exhibiting extremely low scattering loss have also been
reported, i.e., considerably low 90° bending loss of 0.01 dB with
a 2 pm radius [7] and an extremely high Q factor exceeding
1000 000 with a 2-D photonic crystal (PC) resonator [8] were
achieved using a SOI substrate with a Si layer of 200-300 nm
thickness.

Since optical wiring is immune to the RC time delay and,
furthermore, no skin effect is observed like in electrical wiring,
it would be advantageous when the clock speed in the LSI be-
comes faster and faster. A multiple-core architecture with lim-
ited clock speed can open the way to the realization of LSIs
based on existing mass-production technologies. Nonetheless,
optical wiring would be only an alternative method in case the
clock speed exceeds 10 GHz, because of the optical waveguide
characteristics such as low loss and high speed as well as the
low power consumption of existing high-speed photo detectors.
Since the minimum receivable power of a typical PIN photodi-
ode used for long wavelength optical fiber communications is
—15 dB-m (approximately 30 W) for 10 Gbit/s signals with a
bit error rate (BER) of 107, the required output power of the
light source will be of the order of hundreds of microwatt (for
much lower BER); hence, the optical pulse energy is in the order
of tens of femtojoule per bit. Such low power consumption has
pushed rack-to-rack or board-to-board optical interconnections
into modern supercomputers [9].

Recently, high-speed optical detectors as well as electro-
optic modulators based on SOI substrates have been reported.
Specifically, Ge detectors with such high speed as 30 GHz
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were achieved using SOI substrates [10]-[14]. As for mod-
ulators based on Si, a Mach—Zehnder interferometric mod-
ulator with a 3-dB cutoff frequency higher than 30 GHz
[15], a four-channel wavelength division multiplexed micror-
ing modulator with a speed of 50 Gbit/s [16], a CMOS
modulator with an optical pulse energy of 400 fJ/bit under
a driving voltage of 1V [17], and many more have been
reported.

On the other hand, in the case of light sources based on
Si or SOI substrates, the continuous wave (CW) operation of
a Raman silicon laser was demonstrated under optical pump-
ing [18]. Furthermore, a moderately low power consumption of
20mW as well as a high differential quantum efficiency of 28%
was achieved [19]. A direct gap transition from Ge-on-Si was
also reported [20] and its CW operation under optical pump-
ing was demonstrated at room temperature [21]. The RT-CW
operation of injection-type III-V semiconductor lasers on Si
substrates prepared by means of epitaxial growth and a wafer di-
rect bonding method [22] were reported in the 1980s and 1990s
at a wavelength of 1.3 [23] and 1.55 pm [24]. Recently, long
wavelength lasers grown on Si substrates were developed us-
ing GaSb [25] and Ga(NAsP) [26] compound semiconductors.
Long wavelength injection lasers have also been prepared by
benzocyclobutene (BCB) polymer bonding [27] and low tem-
perature oxygen plasma-assisted bonding [28]. For the func-
tional operation as well as the monolithic integration of these
lasers on SOI waveguides, facet-free lasers evanescently cou-
pled with Si waveguides were proposed [29]-[31]. Whereas
most of these lasers have similar threshold currents and light
output characteristics as conventional double-heterostructure
lasers, an extremely low threshold current of less than 100
uA was achieved with vertical-cavity surface-emitting lasers
(VCSELSs) [32] and micro-disk lasers [33]. The latter are char-
acterized by the very small volume of the active region as
well as high reflectivity mirrors (high Q cavities). Recently,
BCB-bonded micro-disk lasers were reported and a thresh-
old current as low as 0.35 mA was achieved [34]-[36]. A 2-
D PC laser with a thin slab waveguide structure is another
promising candidate for on-chip optical wiring. In particular,
a threshold current of 0.23 mA can be achieved with a sin-
gle cell PC laser [37]. An extremely low threshold operation
and a fairly high differential quantum efficiency was reported
under optical pumping for a 2-D PC-based short cavity laser
with a thin (150 nm) slab waveguide structure emitting at 1.55
pm wavelength [38]. Finally, a low pulse energy of 8.8 fJ/bit
was achieved with a 20 Gbit/s nonreturn-to-zero (NRZ) signal
[39].

In this paper, we present our approach to the development
of low power consumption lasers with low threshold operation
as well as high differential quantum efficiency, which could
ultimately lead to the introduction of optical interconnects and
on-chip optical wiring in future LSIs. First, we examined the use
of strongly index-coupled grating lasers (DFB and distributed
reflector (DR) lasers) characterized by a wire-like active region
and then combined them with high index-contrast membrane
waveguides to enhance the optical confinement in the active
layer.
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Fig. 1. Cross-sectional SEM view and schematic diagram of the structure
of a DFB laser with a wire-like active region, where strain-compensated (SC)
quantum wells (QWs) are sandwiched by GalnAsP optical confinement layers
(OCLs).

II. STRONGLY INDEX-COUPLED GRATING LASERS
A. DFB Lasers With Wire-Like Active Regions

To realize a low threshold current operation, we proposed a
DFB laser characterized by wire-like active regions, as shown
in Fig. 1, which combines active regions of relatively small
volume with a moderately high index-coupling coefficient x;
of the grating. The maximum obtainable x; is approximately
400 cm~! for an active region buried in InP with width half of
the grating period and an etched depth of 120 nm. Thanks to the
inherent characteristics of GalnAsP/InP compounds and low-
damage reactive ion etching (RIE) with a mixture of CH, and
H, gases followed by wet chemical etching, the surface recom-
bination velocity at the etched/regrown interface was estimated
to be in the order of hundreds of centimeter per second. There-
fore, the fraction of nonradiative recombination current to the
total injection current can be reduced to approximately 5% for
a wire width of 100 nm. A record low threshold current density
of 94 A/cm? was obtained in the case of a 20 yum wide mesa
stripe device with twice as many quantum-well (DQW) wire-
like active regions [40]. In the case of a buried heterostructure
device with a wire width of 90 nm and a stripe width of 2.3 ym, a
submilliampere (0.7 mA) threshold current density was obtained
under RT-CW conditions [41]. Due to the strong index coupling,
the standing wave profile shifts toward the wire-like active re-
gion in the middle of the cavity. Hence, resonant modes on the
longer wavelength side of the stopband are more pronounced
than those on the shorter wavelength side. In other words, a
more stable single-mode operation was achieved on the longer
wavelength side of the stopband with very high yield for devices
without phase-shift/phase-adjusted regions [42], [43]. Since this
mode selection mechanism is different from that in gain- and
complex-coupled DFB lasers, we called it “gain-matching ef-
fect” in strongly index-coupled grating structures.

B. DR Lasers With Wire-Like Active Regions

A DR laser consisting of an active DFB section and a passive
distributed Bragg reflector were proposed to achieve high dif-
ferential quantum efficiency for the output of the DFB section
without sacrificing the stable single-mode operation; hence, it
is suitable for monolithically integrated photonic circuits [44].
When the width of the wire-like active regions becomes nar-
rower than 50 nm, an energy blueshift due to the quantum size
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Fig. 2. Structure of a DR laser with wire-like active regions and its cross-
sectional schematic diagram.
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Fig3. IL characteristic of a DR laser with a A/16 phase shift at approximately
40 pm from the front facet of the DFB section.

effect in the lateral direction becomes noticeable. By exploit-
ing this effect and adopting different wire widths for the DFB
and DBR section, as shown in Fig. 2, researchers were able
to obtain DR lasers with relatively low threshold current and
moderately high differential quantum efficiency [45], [46]. Re-
cently, a threshold current of 0.9 mA and a differential quantum
efficiency of 48% were achieved for the front facet when the
DFB section length was set to 85 pm and the stripe width to
1.5 pum, as shown in Fig. 3 [47]. The threshold current den-
sity of these DR lasers was approximately 2-3 times higher
than that of previously reported DFB lasers with similar active
region width [41] that may be attributed to the quality of the
initial wafer. The injection current for the 1 mW light output
was estimated to be equal to 3.6 mA, which is, to the best of
our knowledge, the lowest ever reported for all different types
of edge-emitting single-mode lasers. Monolithic integration of
a front-side power monitor using the less absorptive grating
section of the slightly narrower wire-like active regions is also
possible [46], [48]. High-speed modulation up to 10 Gbit/s [49]
as well as low-power consumption was achieved in the case of
10 Gbit/s modulation when the bias current was up to 10 mA and
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Fig. 4. Schematic diagram and optical field profile of a semiconductor mem-
brane structure (left) and a conventional double-heterostructure (right).
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the modulation efficiency at approximately 3 GHz/mA'/? [50].
However, the optical output power at so low bias current was a
few milliwatt level and much low power consumption is required
for high-speed modulation (>10 Gbit/s) in the case of on-chip
optical wiring. On the other hand, the high optical feedback tol-
erance observed in DR lasers with wire-like active regions has
been attributed to the strong mode selectivity that these lasers
exhibit under stable single-mode operation; it can be potentially
employed for on-chip optical wiring, where an isolator-free op-
eration is preferable [51].

III. SEMICONDUCTOR MEMBRANE LLASERS
A. Membrane DFB Lasers With Wire-Like Active Regions

Since a typical semiconductor laser consists of multiple QWs
(MQW5s) acting as the active region sandwiched between wider
band-gap semiconductor cladding layers with a refractive in-
dex approximately 5-10% lower than the refractive index of
the active region, the optical confinement factor ¢ of the active
region in GalnAsP/InP long wavelength lasers is limited to ap-
proximately 1% per QW (for 6 nm thick and 1% compressively
strained QW). When the InP cladding layers are replaced by
low refractive index polymer such as BCB or SiOs, the optical
field is strongly confined into the semiconductor core layer, as
shown in Fig. 4.

Fig. 5 shows the optical confinement factors for several MQW
structures, &yel1, as a function of the thickness of the semicon-
ductor core layer, d.,;.. When BCB cladding layers are em-
ployed, it gradually increases with decreasing d..r. and be-
comes maximum for d.o,;e = 100200 nm. At the same time,
the optical confinement factor per the number of MQWs is
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membrane DFB laser (lower two curves) and conventional DFB laser (upper
two curves).

increased by approximately three times (except in the case of
SQWs) compared to that in conventional MQW lasers with InP
cladding layers. Namely, three times higher modal gain can be
attained with an active region of the same volume at the same
injected carrier density. This enhancement is stronger than when
the size of quantum wires used as an active region is controlled.
In GalnAsP/InP lasers, the carrier lifetime is considered to be
inversely proportional to the injected carrier density and a sig-
nificantly lower threshold current can be attained if the threshold
carrier density is reduced with the adoption of a semiconductor
membrane structure.

Moreover, in the case of the membrane DFB lasers with
wire-like active regions, the index-coupling coefficient x; of
the grating can be enhanced by a factor of approximately 3 (k;
= 1200 cm™!). Therefore, the cavity length to obtain the same
differential quantum efficiency (for the same coupling strength
k;L) can be shortened to 1/3 of cavity length in conventional
DFB lasers with wire-like active regions. Fig. 6 shows the theo-
retical threshold current and the differential quantum efficiency
for one facet (where the facet reflectivity is assumed to be 0,
the active region width is half the grating period, and the num-
ber of QWs is 2) of a DFB laser with wire-like active regions
as a function of the cavity length. As can be seen, a thresh-
old current less than 50 A can be possible for a stripe with
a width of 1 um without sacrificing the differential quantum
efficiency [52], [53]. It should also be noted that this is almost
one order of magnitude lower than that of the threshold current
of the aforementioned DFB and DR lasers with wire-like active
regions. If these lasers operated at 10 Gbit/s with a bias current
of ten times the threshold (500 pA), the peak pulse power of
approximately 100 W can be attained; hence, the optical pulse
energy becomes 10 fJ/bit, which can meet the requirements for
on-chip optical interconnection explained in Section I.

Since current injection-type membrane DFB lasers were be-
yond the capabilities of our fabrication technology, we at-
tempted to prepare membrane DFB lasers for optical pump-
ing by means of electron-beam lithography (EBL) followed
by low-damage RIE with a mixture of CH, and H, gases and
organometallic vapor-phase epitaxy (OMVPE) regrowth. Stable
RT-CW operation was achieved for devices bonded with BCB
on an InP substrate [52], [53]. Since the equivalent refractive
index of this membrane structure is much lower (approximately
2.3 for a thickness of 150nm) than that of conventional long
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Fig. 8. Light output as a function of optical pump power of a membrane DFB
laser with surface corrugation grating.

wavelength lasers, the grating period (first order) was set at
approximately 315 nm. Even though the equivalent refractive
index of this waveguide is sensitive with respect to the thick-
ness, the lasing wavelength of the lasers prepared on an InP
substrate deviated by only +1.2 nm from the average value. In
addition, a laser array capable of covering multiple wavelengths
(total range 75 nm) was obtained by varying both the grating pe-
riod and the width of the active regions [54], [55]. By reducing
the thickness of the membrane structure from 150 to 65 nm, the
temperature coefficient of the lasing wavelength was reduced to
2.45 x 1072 nm/deg, which is approximately 20% lower than
that of conventional GalnAsP/InP lasers, while that of InP was
estimated to be 2 x 10~*/deg. This difference is attributed to
the negative temperature coefficient (-7 x 10~°/deg) of the BCB
cladding layer. [56].

In order to reduce the threshold current, membrane DFB
lasers with surface corrugation grating (see Fig. 7) were fab-
ricated by controlling the amount of InP grown on the groove
region so as to obtain a relatively high index-coupling coeffi-
cient x; = 4200 cm ! for a surface corrugation depth of 40 nm.
A threshold pump power P, (980 nm wavelength pump light
source) of 0.34 mW was obtained in the case of a device of 2
pm width and 80 pm length under RT-CW conditions, while
the pump beam was of 4 ym width and 176 pum length, as
shown in Fig. 8 [57]. Furthermore, the effective threshold pump
power was estimated to be equal to 85 W, and corresponding
threshold current 24 p A under the assumption that the absorp-
tion coefficient for the pump light was 10 000cm™'. A stable
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Fig. 9. Schematic diagram of the rib waveguide membrane DFB laser inte-
grated with a passive waveguide fabricated on an SOI substrate.

single-mode operation with a submode suppression ratio of 35
dB was obtained at a pump power P = 2Py, . Since the operating
power was very low compared with the area of the membrane
DFB laser with BCB cladding layers, stable CW operation was
maintained up to a temperature of 85 °C, which was the up-
per limit of the measurement setup, even though the thermal
resistance of the structure seemed to be unusually high [58].

For the development of an optical platform for an optical
wiring, not only in-plane integrations of active photonic com-
ponents (at least lasers and detectors) and low-loss passive op-
tical components but also electrical connections between the
surface of an LSI chip and the active photonic components by
using via holes are required, and severe requirements for very
small footprint, high temperature operation capability, and so
on will be imposed. For building up an optical layer, an inte-
gration of III-V compound active components on Si passive
components (Si photonics) formed by matured CMOS technol-
ogy is essential, and it can be done by BCB bonding or wafer
direct bonding by using evanescent coupling [27]-[31] or by an
integrated-twin-guide (ITG) structure [59], [60].

As a step to realize membrane-type lasers for in-plane pho-
tonic integration, we examined two different approaches. First,
an air-bridge structure was prepared by etching a sacrificial layer
beneath the membrane waveguide [61], an approach frequently
adopted for 2-D PC devices. Even though the Py;, was 13 times
higher than that in [57], a stable CW operation was maintained
up to a temperature of 80 °C. Second, we investigated the pos-
sibility of directly bonding a GalnAsP/InP membrane on an
SOI substrate [62]. Specifically, a Py;, of 2.8 mW was obtained
for a device of 2 yum width and 120 pm length under RT-CW
conditions [63]. Subsequently, a rib waveguide membrane DFB
laser was integrated with a passive waveguide fabricated on an
SOI substrate, as shown in Fig. 9 [64]. Due to the thickness of
the waveguide, consisting of a 200 nm thick Si layer, a 200 nm
thick GalnAsP/InP layer, and a 50 nm thick GalnAs layer, the
CW operation was maintained up to a temperature of 85 °C (lim-
ited by the measurement setup). The optical coupling efficiency
between the laser and the waveguide caused from a mismatch
of the mode fields was estimated to be 99.5%. When the to-
tal thickness of the DFB laser structure is different from that
of the waveguide, an adiabatic mode transformer or a tapered
waveguide is required [65].

B. Lateral Current Injection Lasers

Before their application as light sources in the on-chip op-
tical wiring between LSIs would be possible, injection-type
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Fig. 10. Schematic diagram, top view, and cross-sectional SEM views of an
LCI DFB laser grown on a SI InP substrate.

lasers with ultralow power consumption are required. As the
first step toward the fabrication of an injection-type laser on a
SOI substrate, various III-V lasers evanescently coupled to Si
waveguides were examined [28]-[31]. We also developed an
injection-type DFB laser with double-layered wire-like active
regions bonded on an SOI substrate and obtained a threshold cur-
rent density Ji1, of 400 Alcm? (threshold current /;;, of 104 mA)
for a stripe width of 25 um and a cavity length of 1 mm [66].
Our next step was to develop an LCI structure [67] for our
membrane DFB lasers. First, we grew a five-layer compressive
strain MQWSs (CS-MQWs) GalnAsP/InP wafer with a thickness
of 400 nm on a semi-insulating (SI) InP substrate and, subse-
quently, formed surface grating with a depth of 125 nm. It should
be noted that the MQW active layers were not etched to wire-like
shape. Fig. 10 shows a schematic diagram along with top and
cross-sectional SEM views of the device fabricated by a three-
step OMVPE process [68]. A threshold current I;;, of 27 mA
was obtained for a stripe width of 3.5 ym and cavity length of
300 pm. Because the stripe width is significantly larger than
the carrier diffusion length and the mobility of electrons higher
than that of holes, relatively poor lasing characteristics were
attributed to the nonuniform distribution of the injected carriers.
Therefore, we fabricated Fabry—Perot cavity lasers with a nar-
rower stripe (width less than 2 ;m) using the same initial wafer
structure (with CS-MQWs and thickness of 400 nm) grown on
an SI InP substrate [69], [70]. Fig. 11 shows cross-sectional
structures of device (A) where a part of the lower GalnAsP
optical confinement layer (OCL) is remained and device (B)
where the lower GalnAsP OCL is completely etched. Since the
active region (CS-MQWs) is sandwiched between upper and
lower OCLs with 150-nm thick GalnAsP grown on an SI InP
substrate and the peak of the optical field profile is observed
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Fig. 11.  Structure of LCI lasers grown on SI InP substrate; (A) lower OCL on
SI InP was remained and (B) the OCL was completely etched.
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Fig. 12.  IL and VI curves of the fabricated LCI laser.

below the CS-MQWs, the optical confinement factor £ is
estimated to be 5%. Fig. 12 shows the light output as well
as the voltage—current (V1) curves for these devices [68]. As can
be seen, I;;, of 11 mA (corresponding Ji}, of 900 A/cm?) and a
differential quantum efficiency (for both facets) of 33% were
obtained with device (B) with a stripe width of 1.7 ym and a
cavity length of 720 pm. The waveguide loss and the internal
quantum efficiency of device (B) were estimated based on the
reciprocal dependence of the cavity length and the differential
quantum efficiency to be 4 cm~! and 40%, respectively, whereas
they were equal to 6¢cm~! and 19% in the case of device (A) .
These differences are attributed to lower internal quantum effi-
ciency in device (A) because a significant proportion of carrier
recombination takes place near to the p-GalnAsP OCL due to
lower mobility of holes than that of electrons.

Subsequently, we fabricated DFB lasers with almost the
same cross-sectional structure (the active region consists of CS-
MQWs, while the lower OCL is completely etched) based on
device (B). Specifically, the DFB grating was formed by deposit-
ing 30-nm-thick amorphous Si on the stripe region by plasma-
enhanced chemical vapor deposition followed by an EBL and in-
ductively coupled CF, plasma etching. The index-coupling co-
efficient #; of the surface grating was approximately 100 cm~!.
As aresult, I;;, of 7mA (corresponding to Jy;, of 1.17 kA/cm?)
and a differential quantum efficiency of 43% were obtained for
the front facet of an as-cleaved device with a stripe width of
2.0 pm and cavity length of 300 pm [71]. In addition, a rise-up
voltage of 0.8 V and a differential series resistance of 25 (2 were
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Fig. 13.  Schematic diagram of the injection type membrane DFB laser with
wire-like active regions.

obtained. Since a reduction of the stripe width leads to a reduc-
tion of not only the threshold current but also of the differential
series resistance, higher performance is expected in narrower
stripe devices. Since two steps of photolithography followed
by an etching and OMVPE regrowth were employed in these
works, the stripe width (approximately 2 pym) was limited by
the alignment accuracy. It can be reduced by using an electron-
exposure system with better alignment accuracy. Although the
differential quantum efficiency of the rear facet was not accu-
rately measured, it was estimated to be approximately 10-12%
when the device was mounted on a submount for high-speed
modulation. Based on these findings, the internal quantum effi-
ciency was estimated to be 61-63% under the assumption that
the waveguide loss is 4-6cm™!, namely 23-25% lower than
that of the vertical injection-type GalnAsP/InP BH lasers with
a stripe width of 2.0 pm fabricated in our group.

Even though the internal quantum efficiency of LCI lasers
was still poor when compared to that of conventional vertical
current injection lasers, we tried to fabricate an injection-type
membrane DFB laser with wire-like active regions, as shown
in Fig. 13. The top and bottom cladding layers were composed
of air (n = 1) and SiOy (n = 1.45), respectively. The mem-
brane core layer consists of 1% GalnAs CS-MQWs (90 nm
thick, five 6-nm-thick wells well separated by six 10-nm-thick
barriers) sandwiched between GalnAsP OCLs (A, = 1200 nm
and 165 nm thick) and 50-nm-thick InP cap layers; namely, the
total thickness of the membrane core layer is 470 nm. The grat-
ing period and the active region width were 255 and 110 nm,
respectively, while x; of this grating with a depth of 190 nm
was estimated to be 550 cm™!. After completing the fabrication
of the lateral PIN junction stripe structure, a 1-um-thick SiOs
and a 2-um-thick BCB layer were deposited and spin coated,
respectively. Next, the wafer was bonded upside down on an
SOI host substrate, and the BCB hard baked at a temperature
of 250°C for 1 h in Ny environment. Finally, the InP substrate
and etch-stop layers were removed by polishing and wet chem-
ical etching, and Ti/Au electrodes were deposited on both the
p-GalnAs contact and n-InP sections. A threshold current of
83 mA and an external differential quantum efficiency of 1.1%
were obtained for a stripe width of 3.2 ;/m and cavity length of
420 pm under RT-pulsed operation [72]. The differential series
resistance was estimated to be 46 €2, which was approximately
two times higher than that of LCI-DFB lasers with a Si grating.
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In spite of the relatively high optical confinement factor (1.9%
per well) compared with that previously reported for LCI lasers
(1% per well) [70], [71], and the DFB cavity characterized by
high k;, the poor performance may be due to the BCB bonding
process during which air voids were trapped within the bond-
ing interface and caused bending of the membrane structure
or cracks, resulting in relatively large scattering loss within the
cavity. Consequently, further improvements in the BCB bonding
process or the introduction of an air-bridge structure are being
investigated to overcome the shortcomings.

IV. CONCLUSION

Recent advancements in the fabrication of long-wavelength
GalnAsP/InP lasers with low power consumption are reviewed.
While DFB and DR lasers with wire-like active regions can be
promising light sources for in-plane photonic integrated circuits
with output power of a few hundreds microwatt to 1 mW level,
membrane lasers are also a promising alternative for achieving
even lower power consumption. Their most attractive charac-
teristic is the enhancement of not only the optical confinement
factor of the active region but also of the index-coupling coeffi-
cient of the grating. The low power consumption was confirmed
for optically pumped membrane DFB lasers under CW con-
ditions up to a moderately high temperature of 85 °C. Next,
an LCI structure was investigated for injection-type membrane
lasers with low power consumption, and LCI-Fabry—Perot and
LCI-DFB lasers were prepared on SI InP substrates. The thresh-
old current and differential quantum efficiency of the latter were
satisfactory even though the internal quantum efficiency of these
LCT lasers was found to be slightly poorer than that of conven-
tional vertical injection-type BH lasers. Consequently, further
improvements in the structure and fabrication process of LCI
membrane lasers are being investigated.
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