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Abstract— Toward the light source for on-chip interconnection,
a current-injection-type membrane distributed feedback laser
with a surface gating structure is demonstrated. In this device,
450-nm-thick GalnAsP/InP layers with lateral-current-injection
structure prepared by a two step OMVPE regrowth-method is
bonded on a host substrate by using Benzocyclobutene bonding
process. A threshold current of Iy, =11 mA is obtained with a
cavity length of 300 xm and a stripe of 1 yum.

Index Terms— Semiconductor laser, membrane laser, lateral-
current-injection, surface grating structure.

I. INTRODUCTION

HE progress in the processing speed of the large scale

integrated (LSI) circuits is predicted that will soon con-
front the limitation due to the ohmic heating, RC delay
and large power consumption in the global wiring. As one
of promising solutions for these problems, a replacement
of the electrical global wiring on a chip with an optical
interconnection has been proposed [1]. The optical devices
for such optical interconnection should have properties of
low power consumption and a small footprint. Especially,
semiconductor lasers are strongly required to operate with ultra
low driving current [1]. VCSEL [2] and microdisk lasers [3]
have been reported to be promising devices for low power
consumption. Recently, for the light source of the on-chip
optical interconnection, an optically pumped photonic crystal
laser has been reported with the low power dissipation of
8.76 fJ/bit because of its strong optical confinement effect
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[4], [5]. In addition, in recent years, electrically pumped
photonic-crystal lasers have been demonstrated [6], [7].
However, they have disadvantages, such as low output, and
difficulty in controlling the output efficiency because optical
confinement in an extremely small cavity is too strong.

The membrane DFB laser, which we have investigated
for the light source of the on-chip optical interconnection,
has a thin semiconductor core layer and low refractive-index
cladding layers such as SiO, or Benzocyclobutene (BCB).
Due to its strong optical confinement in vertical direction as
well as strongly index-coupled short cavity DFB structure,
ultra-low threshold current operation can be expected with-
out sacrificing differential quantum efficiency. Furthermore,
toward realization of photonic integrated circuits based on
membrane structure, other optical components such as lateral
junction waveguide type photodetector [8], low loss GalnAsP
photonic wire waveguide [9] and so on were also realized. The
compact and low consumption in-plane photonic integrated
circuit would be realized using the membrane structure.

In our early works on the membrane laser, ultra low
threshold operation has been reported with optical pumping
[10], [11]. Furthermore, lateral-current-injection (LCI) struc-
ture has been adopted [12] and LCI type lasers on SI-InP
substrate have been demonstrated [13], [14] as a step to
realize an electrically pumped membrane laser. Recently, first
demonstration of current injection type membrane-DFB laser
with wirelike active regions had been achieved under room-
temperature (RT) pulsed current condition [15]. However, the
threshold current was higher than 80 mA and was very high
compared with the calculated result .

In this letter, we introduced surface grating structure
[16], [17] and demonstrated much lower threshold current
operation of the LCI membrane laser.

II. DEVICE STRUCTURE AND THEORETICAL ANALYSIS

Figure 1 shows a schematic structure of the fabricated LCI-
membrane-DFB laser with a surface grating structure, where
the total core layer thickness was about 450 nm, and the top
and bottom cladding layers were composed of air (n = 1)
and SiOy (n = 1.45), respectively. The thin LCI-membrane-
structure was fabricated on an InP host substrate by using
BCB bonding process. The InP host substrate was used just
for easiness of cleavage and changing the host substrate to Si
or SOI can be done without any problem for real applications.
A surface grating structure was formed on the top of a laser
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Fig. 1. Schematic device structure of the lateral-current-injection semicon-
ductor membrane laser with surface grating structure.
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Fig. 2. Cross sectional optical mode field of various LCI type lasers.

stripe by etching a part of the InP cap layer. Due to the high
index contrast between the GalnAsP core layer and air or
the SiO; cladding layer, the optical confinement factor in the
active layers and the index coupling coefficient of the surface
grating can be enhanced.

Figure 2 shows the comparison of the calculated cross
sectional optical mode field in the core layer of the various
LCI type lasers. The stripe width of these devices was assumed
to be 1 um, and InP regions were formed at the both sides
of the laser stripe. The core layer consists of 5 quantum wells
with 6-nm-thick wells and 9-nm-thick barriers sandwiched
by GalnAsP optical confinement layers, and a 10-nm-thick
undoped InP top layer. Fig. 2 (a) shows LCI-DFB laser
on SI-InP substrate we demonstrated previously [17], and
Figs. 2(b) and 2(c) show those of membrane lasers with the
total core layer thickness of 450 nm and 200 nm, respectively.
The estimated optical confinement factor in 5 quantum-wells
of the LCI-DFB laser on SI-InP is relatively low value of & =
3.85%, when the stripe width is Wy = 1 um. This is because
of asymmetric vertical optical confinement structure (i.e. the
upper cladding is air (n = 1) and the lower cladding is InP
(n = 3.17)). By adopting the stripe width of 2 xm, the optical
confinement factor can be enhanced to be about 5%, however
the threshold current becomes higher due to an increase of the
volume of the active region. In contrast, an enhancement of
the optical confinement factor can be realized in the membrane
structure with the low refractive index material of air (n = 1)
and SiO; (n = 1.45) to both upper and lower cladding layers,
respectively. In this letter, we adopted the total core layer
thickness of 450 nm, and the optical confinement factor was
estimated to be 10.0%. Furthermore, by adopting the core layer
thickness of less than 200 nm, the optical confinement factor
can be enhanced to be more than 15%.
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Fig. 3. Calculated threshold current dependence on the cavity length of

various LCI type lasers.

Figure 3 shows the calculated threshold current dependence
on the cavity length of 3 types of LCI lasers shown in Fig. 2.
The threshold current of these devices were calculated by
using the coupled wave theory. In this calculation, the internal
quantum efficiency was assumed to be 100%. As reduction of
core layer thickness, not only the enhancement of the optical
confinement in the active region but also the enhancement of
the index-coupling coefficient of the grating can be attain-
able. The estimated coupling coefficient of the structures in
Figs. 3(a), 3(b), and 3(c) were ¥ = 100 cm~!, 150 cm~!, and
1500 cm™!, respectively. As a result, threshold current less
than 1 mA can be realized in the membrane laser with core
layer thickness of 450 nm (Fig. 3(b)). This value is around
a half of that of the structure we previously demonstrated
(Fig. 3(a)). In addition, by the reduction of the core layer
thickness to 200 nm, threshold current can be further reduced
to 200 uA when the cavity length of about 50 ym is used.

III. EXPERIMENTAL RESULT

Figure 4 shows the fabrication process of the LCI-membrane
laser by using BCB bonding process. An initial wafer,
consisting of 1% compressively-strained 5-quantum-wells
(CS-5QWs, 6 nm thick) sandwiched by symmetric GalnAsP
optical confinement layers (OCLs) and a 50-nm-thick InP cap
layer, was prepared by OMVPE method. The LCI structure
was formed by two step regrowth method [13]. First, the mesa
structure was formed by CH4/H; reactive ion etching (RIE)
process. After removing damaged surface by wet chemical
cleaning, n-InP was selectively regrown on both sides of the
mesa structure. Next narrow (1-um) stripe was formed by
etching a part of the mesa structure, p-InP and GalnAs contact
layers were regrown in the same way. Then, the membrane
structure was formed by using BCB bonding process [9]. After
depositing 1 gm-thick SiO,, 2 um-thick BCB was coated on
the regrown wafer and a host InP substrate, and the wafer
was attached upside down to the host substrate. Therefore, the
total thickness of the BCB layer after bonding was expected
to be about 4 um. By using this bonding process, we could
obtain the BCB thickness of less than 2 gm [9]. Then the
InP substrate and etch stop layers of the regrown wafer were
removed by polishing and wet chemical etching. Next, Ti/Au
electrodes were deposited on both p-GalnAs contact layer
(p-InP side cladding was partially removed to expose this
contact layer) and n-InP layer. Finally, the surface grating
pattern was formed by electron-beam lithography and CH4/H>



1284

4) BCB coating & bonding
Remove substrate

1) Initial wafer

i-InP

"
Y

Etch stop
layers

2) EB lithography, RIE etching

n-InP regrowth InP-host sub.

5) Metal contact
deposition

n-InP

. Electrode

6) EB lithography

3) p-InP regrowth RIE etching

Contact layer

Fig. 4. Fabrication process of LCI-membrane laser by using BCB bonding
process.

Fig. 5. Cross sectional SEM view of the LCI-membrane structure formed
by BCB bonding process.

RIE on the top InP cap layer at the laser stripes. The grating
period and the depth were 255 nm and 30 nm, respectively.
The index-coupling coefficient of this grating was estimated
to be x = 150 cm™!.

Figure 5 shows the SEM view of the fabricated mem-
brane structure, where the membrane structure with core
layer thickness of 450 nm was successfully fabricated on
the host InP substrate by using BCB bonding process. The
estimated BCB thickness was about 4 um. The upper and
lower cladding layers were low refractive index materials of air
and SiO», respectively. In addition, the lateral p-i-n structure
was fabricated by forming the p- and n-InP regions at the sides
of the core layer, and flat top surface of membrane structure
was obtained.

Figure 6 shows a light output and voltage-current charac-
teristics of the LCI-membrane-DFB laser with a surface grat-
ing structure under room-temperature pulsed-current condition
(1 ws-width, 1 ms-period). The cavity length and the stripe
width were L = 300-xm and 1-um, respectively. A threshold
current of 11 mA, which was much lower than the previous
report was obtained [15], however it was approximately 10
times higher than that of the theoretical value shown in Fig. 3.
This might be attributed to low internal quantum efficiency of
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Fig. 6. Lasing characteristics of the fabricated membrane laser with the
cavity length of 300 xm.

the LCI type lasers due to non-radiative recombinations at the
surface of the core layer. The internal quantum efficiency of
the LCI laser on SI-InP was estimated to be about 40% [12]. In
case of the LCI-membrane laser, more lower internal quantum
efficiency was expected because the membrane structure has
two sides to its semiconductor surface (upper and lower sides
of the core layer). The differential quantum efficiency of the
fabricated device was about 2.5%. This value is less than one-
tenth of the estimated 74 of 29% from the coupled wave theory.
Therefore, internal quantum efficiency #; of the fabricated
LCI-membrane laser is thought to be less than 10%, and the
threshold current is expected to be 9.2 mA. In order to suppress
such non-radiative recombination, we already reported some
novel core structures suited for LCI-membrane lasers and
can expect their highly-efficient operations with #; of around
70% [16], [17]. Furthermore, poor lasing characteristics are
attributed to poor a BCB bonding process since air voids
were trapped in the bonding interface which might have
resulted in large waveguide loss. In fact, a GalnAsP low
loss membrane-wire waveguide has already been demonstrated
using special BCB bonding process [9]. Improvements of
the BCB bonding technique are also essential. As previously
described, the final target of the membrane laser is a realization
of ultra-low threshold current operation by enhancing the
optical confinement factor and index coupling coefficient. In
addition to the improvements of internal quantum efficiency
and waveguide loss, introduction of a thinner core layer
(~ 200 nm) and shorter cavity structure (~ 50 um) is required
toward realization of ultra-low threshold current operation
shown in Fig.3

The differential series resistance and the voltage at the
threshold were around 78 Q and 1.7 V, respectively. Since
the rise-up voltage was around 0.8 V and was similar to
conventional lasers in 1.5 um wavelength region, the relatively
high threshold voltage is attributed to a higher series resistance
which was 3.1 times higher than that of LCI-DFB laser with
400 nm thick core layer prepared on a SI-InP substrate [16].
A continuous-wave operation was not obtained because of heat
generation due to the high series resistance. Furthermore, by
introducing thin core layer thickness of less than 200 nm and
short cavity length of less than 50 um, the series resistance
is expected to increase. In the current device, the distance
between the edge of the active region and metal electrode
in p-doped InP region was set to be 3 um. The estimated
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Fig. 7. Lasing spectrum of the fabricated membrane laser at a bias current
of two times the threshold current (I = 22 mA).

sheet resistance of this region was 2.7 kQ/[J with the core
thickness of 400 nm [14] and this value is more than 100
times larger than that of n-InP region. Therefore, the series
resistance of this region can be the dominant factor of the high
series resistance of the device. In theory, with assumption of
the distance in p-InP region of 1 um, the series resistance
of the membrane laser is expected to around 150 Q when
the short cavity of 50 um and thin core layer thickness of
200 nm are adopted. The reduction of the series resistance of
the membrane laser is strongly required to realize low power
consumption light source.

The thermal resistance of the membrane laser is also
expected to be high compared with that of typical semicon-
ductor laser. However, with assumption of ultra-low threshold
current operation, the expected self-heating caused by injected
current has little effect on the lasing characteristics of the LCI-
membrane-DFB laser thanks to its small driving current [20].

Figure 7 shows a lasing spectrum of the membrane DFB
laser at two times the threshold. As can be seen, a two mode
operation (15787 nm and 1580.3 nm) was observed. This
two mode operation might be attributed to relatively high
kL = 4.5 of the DFB cavity without phase-shift region for
the stripe width of 1 um, and the cavity length of 300 xm.

IV. CONCLUSION

In summary, we demonstrated a current injection type semi-
conductor membrane DFB laser with a core layer thickness of
about 450 nm, by adopting a surface grating structure using
BCB bonding process. The threshold current of 11 mA was
realized under room-temperature pulsed current condition for
the cavity length of 300 ym and the stripe width of 1 xum.
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