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The energy consumption of light sources must be reduced to realize on-chip optical interconnects. This study
proposes a buried-ridge-waveguide (BRW) structure to enhance the lateral optical confinement. An increase in the
lateral optical confinement induces the reduction in the threshold current, and it also provides a differential resist-
ance due to a reduction in the distance between the electrode and active region. The stripe width and ridge height
are designed considering the internal loss and differential resistance. A comparison between the BRW and conven-
tional flat structures demonstrates a 20% and 35% reduction in the threshold current and differential resistance,
respectively. ©2021Optical Society of America

https://doi.org/10.1364/JOSAB.438329

1. INTRODUCTION

The performance of large-scale integrated (LSI) circuits has
been improved due to the scaling law [1]. However, the scaling
of transistors also causes wiring delays and Joule heating in
the global electrical wiring layer of the LSI [2,3]. These prob-
lems can be solved by replacing the electrical global wiring
with optical wiring [4–6]. The realization of on-chip opti-
cal interconnects requires a light source with ultralow power
consumption and a data transmission energy cost of less than
10 fJ/bit [7]. The light source is also required to emit sufficient
light to be detected by the low-power consumption receiver and
which can be integrated easily with passive devices in an in-plane
platform. Vertical-cavity surface-emitting lasers (VCSELs)
[8–11], microdisk lasers [12–15], and photonic crystal lasers
[16–21] have been reported as light sources for low-power-
consumption operation. However, it is difficult for these lasers
to produce sufficient light output while maintaining the ease of
integration with other devices.

In order to meet these requirements, this study proposes a
membrane distributed-reflector (DR) laser as a light source
[22–26]. Several groups have also fabricated lasers and other
devices using the membrane structure [27,28]. A dielectric
material such as SiO2 or air can be used instead of a semiconduc-
tor for the upper and lower claddings to obtain large refractive
index difference in the membrane laser. This large refractive
index difference induces an increase in the optical confine-
ment factor by approximately 3 times when compared to the
conventional structure, leading to a reduction in the threshold
current as well as a higher modulation efficiency. Additionally,

bonding technology enables in-plane integration with other
passive devices on a Si substrate. Thus, the membrane laser is a
promising light source for on-chip optical interconnects.

Low threshold current and high-efficiency operation of
membrane DR lasers with an energy cost of 93 fJ/bit have
been demonstrated [26]. However, the energy cost must be
further reduced to realize practical on-chip optical intercon-
nects [7]. The membrane laser has been reported by several
groups, and strong optical confinement was achieved in the
vertical direction. However, for lateral injection type mem-
brane lasers, confinement in the lateral direction was weak
due to small refractive index difference between active region
and side cladding region [29]. This paper proposes a structure
that improves the lateral optical confinement and presents the
results of the reduction of the threshold current and differential
resistance.

2. DEVICE STRUCTURE

The membrane laser consists of a 1.55µm band GaInAsP-based
multiple quantum well (MQW) that is vertically sandwiched by
InP, with a total thickness of 270 nm; it also has a lateral p−i−n
junction with InP side cladding layers. Consequently, an insu-
lating material with a low refractive index can be used for the
top and bottom cladding layers, which enables the realization
of strong vertical optical confinement. However, the optical
confinement is not strong in the lateral direction because of the
small refractive index difference between the GaInAsP active
layer and the InP side cladding layers as shown in Fig. 1(a).
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Fig. 1. Cross-sectional view of membrane laser with (a) the conventional flat structure and (b) the BRW structure.

Therefore, this study introduces a buried-ridge-waveguide
(BRW) structure to enhance the lateral optical confinement as
shown in Fig. 1(b).

The introduction of a height difference between the GaInAsP
active layer and the InP side cladding layer enables the realiza-
tion of a relatively large refractive index difference, which results
in stronger optical confinement in the lateral direction when
compared to that of the conventional structure. Figure 2(a)
shows the dependence of the optical confinement factor on
the calculated stripe width (active layer width) of the active
region with ridge height d as a parameter. The other calculation
parameters are listed in Table 1. The optical confinement is
enhanced by the increase in the ridge height d and the stripe
width. In this study, the stripe width is set to 1.8 µm for the
fabrication. Figures 2(b) and 2(c) show the mode distribution of
the conventional structure and the BRW structure (d = 50 nm)
at a stripe width of Ws = 1.8 µm. It is observed that the mode is
confined better in the lateral direction for the BRW structure,
and the optical confinement in the active layer is increased when
compared to that of the conventional structure.

Furthermore, the increase in the lateral optical confinement
due to the adoption of the BRW structure also contributes to
the reduction of the differential resistance of the membrane
laser. The electrodes deposited on the side cladding layer must
be sufficiently separated from the active layer to avoid overlap
with the optical mode. In a conventional flat structure, a high
differential resistance was observed due to the long distance

Table 1. Parameters in the Mode Calculation

Refractive index of InP 3.17
Refractive index of GaInAsP (well) 3.54
Refractive index of GaInAsP (barrier) 3.35
Thickness of GaInAsP active layers [nm] 120
Total thickness of III-V layer [nm] 270

between the electrode and the active region due to weak optical
confinement in the lateral direction. However, the enhancement
of the optical confinement in the lateral direction in the BRW
structure enables the electrode deposited in the side cladding
to be brought closer to the active layer when compared to the
conventional structure, and the differential resistance can be
reduced accordingly.

Figure 3(a) shows the calculated internal loss αi as a function
of the ridge height d and the distance D between the edges of the
p-electrode and the active region. The white lines in the figures
are borderline if a 5% increase in the internal loss is allowed
when compared to the internal loss when the electrode is set to
sufficiently far. As observed, the minimum distance Dmin can
be decreased by increasing the ridge height d (Dmin = 1.6 µm
at d = 0, whereas Dmin = 0.7 µm at d > 50 nm). Figure 3(b)
shows the calculated resistance R when the ridge height d and
distance D are changed. In this calculation, it is assumed that
the resistance in the p-InP side cladding layer is dominant. The
increase in the ridge height d causes thinning of the current pass
and an increase in the resistance per unit length. Therefore, the

Fig. 2. (a) Calculated stripe width dependence of the optical confinement factor for various ridge height d . Calculated optical intensity distribu-
tion of (b) the conventional flat structure and (c) the BRW structure (d = 50 nm) at a stripe width of 1.8µm.
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Fig. 3. (a) Calculated internal loss αi with various ridge height d and distance D between the p-electrode and the active region. (b) Calculated
resistance R with various ridge height d and distance D.

resistance R is the lowest at d= 50 nm on the borderline. At
this value, a resistance reduction of 40% can be realized when
compared to that of the conventional flat structure.

3. DEVICE FABRICATION AND
CHARACTERIZATION

The membrane lasers with a BRW structure are fabricated based
on the analysis results presented above. The device fabrica-
tion process is as follows: a 270 nm thick core layer including
strain-compensated GaInAsP five quantum wells (5QWs) sand-
wiched by InP optical confinement layers are grown on an n-InP
substrate by organometallic vapor-phase epitaxy (OMVPE)
[Fig. 4(a)]. The active layer is etched [Fig. 4(b)] and buried
with n-InP on one side and p-InP on the other side to form a
p−i−n junction [Fig. 4(c)] through selective area regrowth.
Subsequently, it is bonded upside down on the Si substrate by
benzocyclobutene (BCB) bonding [Fig. 4(d)] after depositing a
1 µm thick SiO2 layer on the laser wafer. The membrane struc-
ture is then obtained by removing the InP substrate [Fig. 4(e)].
Lastly, the metal electrodes are deposited on the contact layer
formed on the side cladding InP [Fig. 4(f )].

The BRW structure is formed through selective area regrowth
using a SiO2 mask while forming a buried p−i−n junction
[Fig. 4(c)]. The mask width and growth time are tuned to real-
ize the BRW structure with a ridge height of 50 nm, which
is designed from the calculation. Figure 5 shows the cross-
sectional scanning electron microscope (SEM) image of the
selective area regrowth controlled the growth period of the InP
by inserting GaInAs marker layers. The growth by OMVPE is
performed under the following conditions: V/III ratio of 550,
pressure of 76 Torr, and temperature of 600◦C. The growth
period of the InP and GaInAs aimed at thicknesses of 40 nm and
10 nm is 47 s and 8 s, respectively. Consequently, the desired
BRW structure can be obtained by growing n-InP for 2.8 min
and p-InP for 4.5 min at a mask width of 125µm.

Figures 6(a) and 6(b) show the cross-sectional SEM images
of the fabricated membrane Fabry–Perot lasers with the con-
ventional flat structure and the BRW structure, respectively.
Figure 7 shows the I−L and I-V characteristics of the fabri-
cated devices with a cavity length of 560 µm and a stripe width
of 1.8 µm. The electrodes are formed with a distance D of
1.7 µm (conventional structure) and 0.8 µm (BRW structure)
as determined by the theoretical calculation presented above.

Fig. 4. Fabrication process of the membrane Fabry–Perot laser.
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The characterizations are performed under room-temperature
continuous-wave (RT-CW) conditions. The typical lasing
wavelength was 1560 nm. The threshold current is 12.5 mA for
the conventional flat structure and 9.8 mA for the BRW struc-
ture (threshold current densities are calculated to be 1.3 and
1.0 kA/cm2, respectively). The differential resistance d V /d I
for the flat structure and the BRW structure is 48 and 31 �,
respectively. Figure 8(a) shows the spectrum of the fabricated
device with the cavity length of 560 µm and the current of
20 mA. As can be seen, the lasing spectrum is around 1570 nm.
Figure 8(b) shows the horizontal component of the far field
pattern with the current of 20 mA. From measurement results
indicated by solid line, full width at half-maximum (FWHM)
for the BRW and flat structure are calculated 38.0◦ and 27.8◦,
respectively. These are close to the results of mode calculation

Fig. 5. OMVPE embedding growth pattern of InP with intervals of
a GaInAs marker.

Fig. 6. Cross-sectional SEM images of fabricated membrane Fabry–
Perot lasers with (a) the conventional flat structure and (b) the BRW
structure. Please note that the SEMs were colored for a clear visual.

(38.8◦ and 28.9◦, respectively), and it was confirmed that the
expected optical confinement effect was obtained. Figure 9(a)
shows the dependence of the threshold current on the cavity
length. The BRW structure reduces the threshold current by
20% when compared to the conventional flat structure. This
result shows that the BRW structure can effectively reduce the
threshold current of the membrane laser by increasing the lateral
optical confinement. Figure 9(b) shows the dependence of the
differential resistance on the cavity length. It can be observed
that the BRW structure reduces the differential resistance by
35% when compared to the conventional flat structure. By
introducing the BRW structure, the differential resistance is
reduced due to the decrease of distance D from 1.7 to 0.8 µm.
The conventional structure with a distance D of 0.8 µm does
not lase due to the high optical absorption by the electrode.
Assuming that the introduction of the BRW structure into the
DFB laser has the same improvement effect as the Fabry–Perot
laser, it is expected that energy cost can be reduced by 25%
compared with that of the conventional one. In this paper, the
thickness of side cladding layers near the active layer changes
gradually, the lateral optical confinement can increase slightly
more by considering the growth conditions so that the thickness
changes sharply.

Fig. 7. Current-light output and current-voltage characteristics of
membrane Fabry–Perot laser with cavity length of 560 µm and stripe
width of 1.8µm.

Fig. 8. (a) Spectrum of the fabricated device with cavity length of 560µm at the bias current of 20 mA. (b) Horizontal component of far-field pat-
tern for the BRW structure and the flat structure.
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Fig. 9. Comparison of characteristics of BRW structure and conventional structure in (a) cavity length dependence of threshold current I th and
(b) cavity length dependence of differential resistance R .

4. CONCLUSION

This study proposes a BRW structure for the low-
power-consumption operation of a semiconductor
membrane laser.

First, the optical confinement factor and the differential
resistance are calculated for various ridge heights d . Based on the
correlation between the internal loss and optical confinement,
the ridge height d that can reduce the differential resistance most
was found to be 50 nm.

A membrane Fabry–Perot laser with a BRW structure was
then fabricated and evaluated. By introducing the BRW struc-
ture with a ridge height d of 50 nm, a 20% reduction in the
threshold current was demonstrated when compared to a
conventional flat structure, due to an increase in the lateral
optical confinement. Additionally, the reduction in the dis-
tance between the electrode and active region induced a 35%
reduction in the differential resistance.

These results indicate that the introduction of the BRW
structure can effectively reduce the power consumption and
realize on-chip optical interconnects.
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