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Abstract—As a step toward the realization of injection-type
membrane distributed feedback (DFB) lasers, which are expected
to be important components of optical interconnections, we re-
alized lateral-current-injection DFB (LCI-DFB) lasers with sur-
face grating structures prepared on semiinsulating InP substrates.
First, we designed the surface grating structure to have a high
index-coupling coefficient together with a high optical confinement
in the quantum wells. Then, we investigated the surface grating
structure formed on an amorphous-Si (a-Si) layer deposited on the
GalnAsP/InP initial wafer containing five quantum wells. A mod-
erately low threshold current of 7.0 mA and a high differential
quantum efficiency of 43% from the front facet were obtained un-
der a continuous-wave operating condition at room temperature
for a uniform grating LCI-DFB laser with a stripe width of 2.0 xm
and a cavity length of 300 p«m. A threshold current of 5.8 mA was
obtained with a A/4 phase-shifted LCI-DFB laser with a-Si sur-
face grating. Furthermore, a small-signal modulation bandwidth
of 4.8 GHz was obtained at a bias current of 30 mA with a modu-
lation current efficiency factor of 1.0 GHz/mA'/2,

Index Terms—Lateral-current-injection (LCI), membrane laser,
organometallic vapor phase epitaxy (OMVPE) regrowth.

1. INTRODUCTION

HE progress in the processing speed and integration of
large-scale integrated circuits (LSI) has obeyed Moore’s
law. However, as scaling advances, this progress will soon con-
front limitations associated with RC delay or ohmic heating in
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the electrical interconnections [1], [2]. This is especially true
in global wiring, which involves relatively long-distance in-
terconnections in the LSI; the signal-delay or the large-power
dissipation will limit the performance of the LSI. Consequently,
various approaches for solving these problems have been ex-
tensively studied [3]. One of the promising approaches is re-
placing the global wiring in the LSI with optical interconnec-
tions [4]-[6]. Optical communication played a key role in the
long-distance fiber communication technology of past decades,
but it is now being introduced to applications involving short-
distance transmission (e.g., the explosive spread of FTTH or
the introduction of optical interconnections to large-scale server
systems). As a replacement for electrical wiring, optical inter-
connections are being extensively studied for board-to-board,
chip-to-chip, and on-chip interconnections. Optical signal trans-
mission has an advantage in terms of signal delay because it is
independent of the wiring capacity. In addition, high-speed and
wideband data transmission is expected from the wavelength
division multiplexing technique [7]. The power dissipation of
optical devices for on-chip interconnections should be much
lower than that of the conventional optical components used
for long-haul transmissions. For example, the available power
dissipation of modulating the signal is estimated by Miller to
be less than 100 fJ/bit [8]. If we want to use directly modu-
lated semiconductor lasers, this simply means that the available
injection current is limited to 1 mA when the driving voltage
and modulated speed of the semiconductor laser are 1 V and
10 Gb/s, respectively. Therefore, an ultralow power consump-
tion semiconductor light source will be a key device for on-chip
optical interconnection systems.

Microdisk lasers [9] or photonic crystal lasers [10]-[12] have
been reported to be promising devices for ultralow threshold op-
eration because of their strong optical confinement structures;
however, they have several disadvantages, such as low-output
efficiency and high electrical resistance. Alternatively, we pro-
posed a semiconductor membrane laser that utilizes a high-index
contrast waveguide structure in the vertical direction. In the
conventional laser structure, which has semiconductor cladding
layers, the refractive index difference between the core region
and the cladding region is about 5%, while an optical confine-
ment factor of 1% per quantum well can be obtained from this
structure. On the other hand, the proposed membrane struc-
ture consists of low-refractive index-material cladding layers,
such as SiOs instead of a semiconductor. The membrane struc-
ture exhibits a large-refractive index difference—up to 40%—
between the core region and the cladding region. In addition, the
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Fig. 1. LCI membrane DFB laser with air-bridge structure.

membrane laser has a thin active layer (approximately 150 nm),
which enhances the optical confinement factor to a value about
three times higher than that of the conventional structure; conse-
quently, it also enhances the modal gain at the same injection car-
rier density, and it leads to the realization of a short-cavity laser
with threshold current less than 100 p A and with high-output ef-
ficiency. In previous works, an optically pumped semiconductor
membrane laser with buried heterostructure consisting of a low-
refractive index-material cladding layer of benzocyclobutene
was demonstrated, and an optically pumped threshold power
of Py, = 0.34 mW was reported [13]. In this device, by intro-
ducing a wire-like active region to the DFB grating [14], the
index-coupling coefficient x; was dramatically enhanced com-
pared to that of the conventional structure. Furthermore, con-
tinuous wave (CW) operation temperatures up to 85 °C were
realized [15]. In addition, a membrane laser with an air-bridge
structure [16] and a membrane DFB laser bonded on a silicon-
on-insulator substrate for silicon photonics integrated circuits
were demonstrated [17], [18].

Our final target is ultralow threshold current operation of a
current injection-type membrane DFB laser. Fig. 1 shows the
expected structure of the current injection-type membrane DFB
laser. Since the upper and lower cladding layers of the membrane
laser are insulating materials or air, it is difficult to introduce a
conventional vertical current injection structure. Therefore, we
have been investigating methods to introduce a lateral-current-
injection (LCI) structure formed by a two-step regrowth pro-
cess [19]. As a step toward realizing the current injection-type
membrane laser, we demonstrated a high-performance LCI-type
Fabry—Perot (FP) laser with relatively thin core layers on a semi-
insulating (SI) InP substrate [20]. However, to achieve a light
source for on-chip optical interconnections, a DFB laser with
a strongly coupled grating structure will be essential for meet-
ing the requirements of low-power consumption and a small
footprint. Therefore, we investigated the LCI-DFB laser with a
surface grating structure prepared on an SI-InP substrate.

II. THEORETICAL ANALYSIS AND DEVICE DESIGN

We investigated the optimal core layer thickness and designed
the grating structure for the LCI-DFB laser on an SI-InP sub-
strate. First, we performed calculations to optimize the core
layer thickness in the LCI-DFB laser prepared on an SI-InP
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Fig. 2. Optical confinement factor as a function of the core layer thickness in
various types of lasers.

substrate. Fig. 2 shows the calculated optical confinement fac-
tor £ normalized by the number of quantum wells as a function
of the core layer thickness d.,. in three types of laser struc-
tures; we assumed that the active region consists of multiple
quantum wells (MQWs) (6-nm-thick well and 9-nm-thick bar-
rier) and that the number of MQWs is five. Data indicated by
open squares correspond to those for the conventional semicon-
ductor laser structure with thick InP cladding layers on both
sides, and the data indicated by open triangles and open circles
correspond to those for the LCI-DFB laser formed on an SI-InP
substrate and for the LCI-DFB-type membrane structure with
air cladding layers, respectively. The figure indicates that the
membrane structure gives a higher optical confinement factor
compared to that of the conventional laser structure, and the
enhancement becomes larger as the core layer becomes thinner.
When the core layer thickness of the membrane laser is less
than 300 nm, the optical confinement factor can be enhanced to
approximately three times that of the conventional structure. On
the other hand, in the conventional laser and in the LCI-DFB
laser on an SI-InP substrate, the optical confinement factor de-
creases as the core layer thickness decreases. This is especially
true in the LCI-type laser on SI-InP; the optical confinement
factor becomes almost zero when the core layer thickness is
less than 300 nm because the optical field maxima exist in a
much deeper position than that of the MQWs. Since the optical
confinement factor of the LCI-DFB laser on an SI-InP substrate
is almost the same as that of the conventional-type lasers for core
layer thicknesses of about 400 nm, we choose 400 nm for the
calculation and fabrication of the LCI-DFB laser on an SI-InP
substrate.

Next we designed the surface grating structure from the view-
point of the optical confinement factor of the active region
(5QWs) and the index-coupling coefficient. As previous study,
we demonstrated the LCI-DFB laser with a GalnAsP etched sur-
face grating structure in which we partially etched the GalnAsP
layer from the top surface of the initial wafer, as shown in
Fig. 3(a) [21]. A simple fabrication process is the advantage
of the directly etched surface grating structure. Then, in this
device, we realized an operation of the LCI-DFB laser under a
pulse current condition. But an operation under a CW condition
was not realized in the device. Fig. 3(b) shows the grating depth
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Fig. 3. (a) Calculated structure and (b) optical confinement factor in the
grooved region (indicated by a solid line) and index-coupling coefficient (indi-
cated by a dashed line) as a function of the etched grating depth.

dependences of the optical confinement factor and the index-
coupling coefficient for the LCI-DFB laser with the etched sur-
face grating, where the core layer thickness and the stripe width
Ws were assumed to be 400 nm and 2.0 pm, respectively, and
the grating was assumed to be rectangular in shape with a duty
ratio of 1/2 and the optical confinement factor was calculated for
the grooved region. The refractive index of the GalnAsP optical
confinement layer (OCL) was assumed to be 3.34. As can be
seen, the optical confinement factor steeply decreases with an
increase of the etching depth, and the index-coupling coefficient
bends downward from the initial slope to about 250 cm~! when
the grating depth d, is 120 nm. Fig. 4 indicates the optical mode
field of the LCI-DFB laser for various etched depths. As can
be seen, the optical mode field is confined in the stripe region
for d, up to 50 nm, and it becomes leaky for d, = 150 nm;
thus, the increase in the etched grating depth reduces the opti-
cal confinement factor and increases the waveguide loss of the
LCI-DFB laser. Consequently, it is difficult to realize a high
index-coupling coefficient together with a high optical confine-
ment in this waveguide structure with a core layer thickness of
less than 300 nm, as indicated by the triangles in Fig. 2.

Fig. 5(b) shows the optical confinement factor in the grooved
region and the index-coupling coefficient as a function of the
grating depth. In this calculation, we designed the surface
grating with various materials such as amorphous-Si (a-Si),
GalnAsP, and InP. The core layer thickness and the stripe width
were again assumed to be 400 nm and 2.0 pm, respectively.
In this surface grating, the surface grating will be formed by
depositing another material on the core layer. The refractive
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Fig. 5. (a) Calculated structure and (b) optical confinement factor in the
grooved region (indicated by a solid line) and index-coupling coefficient (indi-
cated by a dashed line) as a function of the various materials’ grating depth.

indices of a-Si, GalnAsP, and InP were assumed to be 3.45,
3.34, and 3.17, respectively. As can be seen in Fig. 5(b), the
optical confinement factor of these surface gratings can be in-
creased for various grating depths compared with that of the
etched surface structure as shown in Fig. 3(b) because the thick-
ness of the core layer is sufficient to support the guided mode.
Fig. 6 shows the calculated cross-sectional optical mode field
of the LCI-DFB laser with the a-Si surface grating. It can be
confirmed that the optical confinement factor becomes much
more stable for various a-Si grating depths compared with that
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Fig. 6. Cross-sectional optical mode field of the LCI-DFB laser with a-Si
surface grating with various grating depths.
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Fig. 7.  V-I characteristics of the LCI-FP laser.

of the etched surface grating structure (see Fig. 4). The index-
coupling coefficient of the a-Si surface grating is larger than that
of the GalnAsP surface grating and InP surface grating due to
its large refractive-index difference between the a-Si layer and
air. In addition, since the a-Si layer can be deposited after the
formation of the LCI structure, it can be applied to the LCI-DFB
laser without a significant change in the fabrication process and
the initial wafer structure. So, by introducing the a-Si surface
grating, it is possible to improve the lasing characteristics due
to its high optical confinement factor and high index-coupling
coefficient.

In addition to the unstable optical mode field (see Fig. 4),
the surface recombination in the exposed GalnAsP layer was
expected to be the cause of the poor lasing properties in the
LCI-DFB laser with etched surface grating [21] since the sur-
face recombination speed of GalnAsP is about one order of
magnitude larger than that of InP [22]. In the LCI-DFB laser
with the a-Si surface grating, a thin i-InP layer was introduced
under the a-Si layer to prevent exposure of the upper GalnAsP
OCL which has high surface recombination speed. First, we
confirmed the effect of introducing the i-InP layer to prevent
exposure of the upper GalnAsP OCL. Fig. 7 shows the V-1
characteristics of the LCI structure. The solid line shows the
V—I characteristic of the LCI structure with a 10 nm i-InP layer
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on the GalnAsP core layer, and the dashed line shows that of the
same device after removal of the i-InP layer by the CH4/H> dry
etching process. Large carrier leakage was observed from the
V—I characteristics of the LCI-FP laser without the i-InP layer.
The nonradiative surface recombination in the exposed upper
OCL was attributed to this large carrier leakage. Therefore, by
introducing the a-Si surface grating on the i-InP layer, it is pos-
sible to improve the lasing characteristics as compared to that
of the LCI-FP laser with etched surface grating [21].

III. FABRICATION PROCESS

In the LCI-DFB laser with an a-Si surface grating struc-
ture on an SI-InP substrate, an initial wafer with an un-
doped GalnAsP core layer—which consisted of a lower OCL
(Ay = 1.2 pm, 140 nm thick), 1% compressive-strained
Gag.22Ing 78 Asp.81Po.19 5 quantum wells (6 nm thick), 0.15%
tensile-strained barriers (10 nm), an upper OCL (A, = 1.2 um,
140 nm thick), and an undoped thin (10 nm) InP layer—was
grown by organometallic vapor phase epitaxy (OMVPE) on an
Fe-doped SI-InP substrate. The total GalnAsP core layer thick-
ness was about 360 nm so that the optical confinement factor of
the active layer would be almost the same as that of a conven-
tional double heterostructure with thick cladding layers.

First, the LCI structure was fabricated by CH,/H, RIE and
two-step OMVPE selective area growth. Mesa structures with
a width of 7 ym and a height of 400 nm were formed with a
SiOy mask and the CH4/H2 RIE process. After removing the
damaged surfaces due to dry etching by wet chemical cleaning,
n-InP (N; = 4 x 10'8/cm?) was selectively regrown on both
sides of the mesa structure as cladding layers. Next, by etching
a part of the wide mesa structure and one side of the embedded
n-type layer in a similar manner, narrow (2-pum-wide) stripes
were formed so as to achieve fundamental transverse mode
operation. Then, p-InP (N; = 4 x 10'®/cm®) and p-GalnAs
(N =8 x 10'®/cm?) were regrown in the same way, and the part
of the GalnAs contact layer near the stripe edge was removed
by wet chemical etching to reduce optical absorption. Next,
Ti/Au electrodes were evaporated onto the p-contact and the
n-InP sections, and a lift-off process was carried out for the
contact pad. Then, the surface grating structure was formed by
electron beam lithography (EBL) and the dry etching process.
After deposition of the a-SIlayer (30 nm) and spin coating of EB
resist (ZEP520 mixed with Cgg), 10-pum-wide surface grating
patterns were formed by EBL. Next, CF, inductively coupled
plasma (ICP) etching was carried out to etch the grating pattern.
Please note that the negligible absorption of our a-Si film has
been confirmed by fabricating low-loss a-Si wire waveguides
[23]. Finally, the unnecessary a-Si layer on the electrodes was
removed by a CF,; RIE process.

IV. EXPERIMENTAL RESULTS

The schematic structure of the fabricated LCI-DFB laser with
the a-Si surface grating is shown in Fig. 8. As can be seen, the
a-Si layer was deposited on the i-InP layer. Fig. 9 shows top
and cross-sectional SEM views of the fabricated LCI-DFB laser
with the a-Si surface grating which was formed on the top of
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a-Si surface grating: depth 30 nm

GalnAsP/InP
W
Saws n-InP substrate
Fig. 8. Schematic device structure of the LCI-DFB laser with a-Si surface
grating.
Electrode Electrode
/ metal metal
Laser stripe \
p-InP
3um 2 um
Active layer
Fig. 9. SEM view of the LCI-DFB laser with a-Si surface grating.

the laser stripe. The total core thickness was about 360 nm.
The a-Si grating period and the depth were 243.75 and 30 nm,
respectively. The index-coupling coefficient estimated from the
calculation result [see Fig. 5(b)] was about 100 cm™'. In addi-
tion, the interspaces between the laser stripe and the electrode
metal in p-doped InP region was set to 3 pm.

Fig. 10 shows the I-L (solid line) and V—I (dashed line) char-
acteristics of the LCI-DFB laser with the a-Si surface grating
under an RT-CW condition. The cavity length and the stripe
width were 300 and 2.0 pm, respectively. Hence, the grating
coupling strength ~; L was estimated to be around 3.0. A low I},
of 7.0 mA and a high differential quantum efficiency from the
front facet nq¢ of 43% were obtained. This value represents the
highest differential quantum efficiency from a single facet ever
reported for LCI-type lasers. The differential series resistance
and the voltage at the threshold current were around 25 €2 and
1.1V, respectively. The series resistance depends mainly on the
resistance of the p-doped InP region which has high sheet re-
sistance [24]. By reduction of the interspace between the laser
stripe and the electrode metal in the p-doped InP region, a lower
series resistance can be attained.

The inset of Fig. 10 shows the lasing spectrum at a bias
current twice the threshold current (/ = 14.0 mA). As can be
seen, a lasing wavelength of 1546 nm and an SMSR of 41 dB
were obtained. Because the index-coupling coefficient was not
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higher than that of previously reported DFB lasers with wire-
like active regions [14], a clear stopband was not observed, but
a resonant mode spacing of about 1 nm was observed, and this
corresponds to FP resonance at a cavity length of 300 pim.

Fig. 11 shows the lasing characteristics of a A/4 phase-shifted
LCI-DFB laser with the a-Si surface grating. The cavity length
and the stripe width were 275 and 2.0 pm, respectively. The 1/4
phase shift was introduced at 130 y/m from the front facet in DFB
cavity. A threshold current /i, of 5.8 mA and a differential quan-
tum efficiency 74 of 17% from the front facet were obtained.
This threshold current was the lowest value ever reported in
LClI-type lasers. The inset of Fig. 9 shows the lasing spectrum
at a bias current twice the threshold current (/ = 12 mA). A
single-mode operation and phase-shifted mode oscillation were
obtained from this figure.

Finally, the dynamic characteristics of the uniform grating
LCI-DFB laser with the a-Si surface grating (see Fig. 10) were
measured after bonding on an AIN coplanar submount with a
40 2 matching resistance for high-speed measurements. First,
we measured the dependence of the relaxation oscillation fre-
quency f, on the square root of the bias current above the
threshold (7 — I;1,)'/? as the peak frequency of the relative in-
tensity noise spectrum. Then, a modulation current efficiency
factor (MCEF) of approximately 1.0 GHz/mA'/? was obtained.
This value is at least twice those of previously reported LCI-FP
lasers [25]. Fig. 12 shows the small-signal modulation response
So1 of this laser as measured by a network analyzer. In this mea-
surement, the bias current applied to the laser was varied from
10 to 30 mA. A small-signal modulation bandwidth of 4.8 GHz
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was obtained at a bias current of 30 mA. This bandwidth may be
attributed to the higher internal quantum efficiency and shorter
cavity length as compared to those of previously reported LCI-
FP lasers [24]. By introducing a high index-coupling grating
structure with wire-like active regions to the proposed laser, a
much higher MCEF can be expected [26], [27].

V. CONCLUSION

In conclusion, we demonstrated LCI-type DFB lasers with
a surface grating structure prepared on an SI-InP substrate.
First, we designed and optimized the device structure to realize
the surface grating structure, which has a high index-coupling
coefficient together with a high optical confinement in quantum
wells, and adopted a sufficiently thick (400 nm) GalnAsP core
layer and a-Si surface grating prepared on an SI-InP substrate.
We obtained operation that was characterized by moderately low
threshold current and high differential quantum efficiency. From
the measurement result of the LCI-DFB laser with a-Si uniform
grating, a threshold current of /;;, = 7.0 mA and an external dif-
ferential quantum efficiency from the front facet of g4y = 43%
were achieved under RT-CW conditions with a stripe width of
2.0 pm and a cavity length of 300 um. In a A/4 phase-shifted
LCI-DFB laser with the a-Si surface grating, we obtained the
lowest threshold current of 5.8 mA ever reported in LCI-type
lasers. Furthermore, from a small-signal response, the band-
width of 4.8 GHz at a bias current of 30 mA of the LCI-DFB
laser with the a-Si uniform grating was realized. These results
indicate that this LCI-DFB structure can be applied to realize
low-power consumption lasers based on a membrane structure
with a high-index contrast waveguide.
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