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Abstract—Membrane buried-heterostructure III-V/Si
distributed feedback (DFB) lasers with a stopband-modulated
cavity on a Si substrate have been developed. The membrane III-V
layers with 230-nm thickness enable us to construct an optical
supermode with a 220-nm-thick Si waveguide that is used in
standard Si photonics platform. We employ a uniform grating and
Si waveguide, in which Si waveguide width is modulated to control
the center wavelength of the stopband. The cavity can be designed
by controlling the modulation width and modulation length of Si
waveguide. Therefore, it is easy to engineer and fabricate the laser
cavity compared with the cavity using λ/4-phase shift grating.
Output light from the cavity is coupled to Si waveguide through
InP inverse taper waveguide, and then coupled to SiO

x
waveguide

through Si inverse taper waveguide, which provides the 2-dB fiber
coupling loss. We have demonstrated single-mode lasing by using
Si waveguide, where its width is increased 80 nm at the center of
the cavity. The threshold current and maximum fiber output power
are 3 mA and 4 mW, respectively. By extending the active region
length to 1 mm, 17-mW fiber coupled output power is obtained.
High-temperature operation up to 130 °C is also obtained with a
1-mW fiber output power.

Index Terms—Photonic integrated circuits, semiconductor
lasers, silicon photonics.

I. INTRODUCTION

W
ITH the rapid increase in network traffic, more and more

high-capacity optical transmitters are required. A Mach-

Zehnder modulator (MZM) integrated with a narrow-linewidth

laser is a candidate for high-capacity optical transmitters because

it provides high-throughput by using both amplitude and phase

modulations [1]. A polarization rotator, splitter/combiner, and

optical wavelength multiplexer are also essential elements to

increase the data capacity by the polarization and wavelength

multiplexing [2], [3]. Moreover, large-scale photonic integrated
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circuits (PICs) on Si photonics platforms would enable many

components to be integrated at a low cost [4]. This is because

the assembly costs can be reduced and mature Si complementary

metal-oxide-semiconductor (CMOS) manufacturing technology

can be employed. Thus, great potential is seen in fabricating

PICs on Si substrate including lasers and MZMs for making

high-capacity optical transmitters at a low cost. However, there

is remaining issue for the wafer-scale integration of lasers on

well-developed Si photonics platform since the Si is an indirect-

bandgap semiconductor material.

Heterogeneously integrated III-V lasers on Si substrate have

been developed by using direct bonding techniques [5]–[15],

and the production is now in progress. These lasers use a vertical

p-i-n junction, in which the total thickness of the III-V layers

exceeds 2 µm to ensure a sufficient distance between the optical

mode field and contact metals. To control the optical mode

between the Si and III-V layers, the effective indices of the Si

and III-V layers should be comparable; therefore the optically

coupled Si waveguide needs to be as thick as 400–500 nm. On

the other hand, well-developed Si devices have been based on

200–300-nm-thick Si waveguides, enabling a small bending

radius and efficient optical modulation in MZMs. As a result,

the thickness mismatch makes wafer-scale laser integration on

Si photonics platforms difficult.

We have proposed to use membrane buried-heterostructure

(BH) lasers whose III-V layer thickness is less than 350 nm

[16]–[21]. The membrane III-V layer enables us to construct

the low-loss optical coupling with a 220-nm-thick Si waveguide

because the effective index of membrane III-V layer is compara-

ble with that of the 220-nm-thick Si waveguide. This enables the

wafer-scale laser integration on a Si photonics platform without

having to change the thickness of the Si waveguide. Indeed, we

have developed the distributed feedback (DFB) membrane laser

integrated with a Si waveguide on Si platform [21].

For the next step, it is important to narrowing its linewidth

and increasing output power. Recently, narrow-linewidth lasers

on Si substrate have been developed, in which the low-loss Si

waveguide is used for increasing the cavity Q factor [12]–[15].

In addition, heterogeneously integrated DFB lasers, in which a

500-nm thick Si waveguide is optically coupled with an active

III-V layer, exhibited ultra-narrow linewidth of 18 kHz [7], [8].

In these DFB lasers, an optical confinement factor in the low-loss

Si waveguide is much larger than that of the lossy III-V layer,

which can be reduced the modal loss in the cavity. High-Q

cavities are also achieved by using the stopband modulation
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[22]–[25]. In addition, stopband modulation can reduce the

peak intensity inside the cavity, which is similar to the strategy

shown in [26]–[28]. Thanks to low optical confinement factor

in active region and the reduction of peak intensity inside the

cavity, spatial-hole burning is suppressed even in high-Q cavity

laser. In ref. [7], the grating is formed on the Si waveguide by

etching the apertures with uniform pitch and locally modulated

width to construct the stopband-modulated cavity. However, we

seem that fabricating the grating has some difficulties as follows.

Since optical mode is mainly confined in Si waveguide and the

low coupling coefficient is necessary for long-cavity DFB lasers

[29], gratings with shallow and small aperture are required on the

Si waveguide, which are sensitive to the grating characteristics.

In this work, we have proposed the membrane BH DFB

laser using an optically coupled III-V/Si waveguide, in which

we use uniform SiN grating on top-surface of InP layer and

width-modulated stripe Si waveguide [30]. The fabrication of

the SiN grating is tolerant because its depth is determined by the

uniformity of deposition and highly selective etching between

SiN and InP is available. In addition, width modulation in

220-nm thick stripe Si waveguide is easily achieved by using

conventional photolithography. In this paper, we have demon-

strated the single-mode lasing by using the uniform surface SiN

grating and width-modulated Si waveguide. For 500-µm long

DFB laser, the threshold current and the maximum fiber output

power of are 3 mA and 4 mW, respectively. The Lorentzian

linewidth is estimated to be about 300 kHz when the bias current

of 54 mA. By extending the active region length to 1 mm, 17-mW

fiber coupled output power is obtained. The high-temperature

operation up to 130 °C is also obtained.

Section II describes the device structure and operating princi-

ple of the cavity with stopband modulation. Section III describes

the fabrication procedure of the laser. Section IV describes the

experimental results on the fabricated laser. Section V is the

conclusion.

II. OPERATING PRINCIPLE

A. Device Structure

Fig. 1(a) shows a cross-sectional view of a membrane BH

DFB laser using the optically coupled III-V/Si waveguide. The

III-V layer consists of an InGaAsP-based multiple quantum well

(MQW) core region buried in a membrane InP layer, and it has a

lateral p-i-n junction. The optical absorption in the contact mate-

rials can be neglected when the optical mode field is far enough

away from the contact materials. The current is injected into

the buried MQW from the lateral direction. This lateral current

injection structure enables us to reduce the total thickness of the

III-V layer, which results in a reduction of its effective index.

Since the effective indices of Si and III-V layers are comparable,

an optical supermode between the membrane III-V layer and a

220-nm-thick Si waveguide can be constructed. A uniform SiN

grating is formed on the top-surface of the III-V layer.

Fig. 1(b) shows a top view of schematic diagram of Si wave-

guide underneath the III-V layer. The Si waveguide becomes

wider at the middle of the cavity. Since the effective refractive

index of the III-V/Si waveguide increases with increasing the Si

Fig. 1. (a) Cross-sectional view of membrane BH DFB laser using optically
coupled III-V/Si waveguide. (b) Top view of Si waveguide underneath III-V
layer. (c) Schematic diagram of stopband with its modulation. (d) Bird’s eye
view of device including DFB laser, Si waveguide, and SiOx waveguide.

waveguide width, the stopband of the cavity shifts to a longer

wavelength, as schematically illustrated in Fig. 1(c). As shown,

the stopband modulation creates a defect mode in the cavity.

The threshold gain for the defect mode can be controlled by

the stopband modulation profile described below. When the

threshold gain for the fundamental defect mode is designed to

be lower than those of other modes, single-mode lasing for the

defect mode is achieved.

The light emitted from the DFB laser is coupled to the Si

waveguide through the InP inverse taper waveguide as shown in

Fig. 1(d). This optical mode transfer is easily achieved because

of their comparable effective indices. The SiOx waveguides are

also used for efficient fiber coupling, where the Si inverse taper

waveguide are used to reduce the optical loss at the spot-size

convertor.

B. Design of Optical Confinement

First, we show the calculated filling factors in p-type InP,

Γp-InP, MQWs, ΓQWs, SiN, ΓSiN, and Si, ΓSi, depending on the

Si waveguide width wSi. Since absorption loss in p-InP layer is
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Fig. 2. (a) Calculated filling factors in p-InP, MQWs, and Si depending on Si
waveguide width. Calculated optical intensity distribution of waveguide without
(b) and with Si (c).

dominant, it is important to reduceΓp-InP. As shown in Fig. 2(a),

Γp-InP dramatically decreases with increasing wSi up to 0.8 µm

above which it becomes almost constant. As can be seen in

Fig. 2(b), the optical mode filed is mainly confined in the MQW

core when there is no Si waveguide. On the other hand, by using

the 1-µm-wide Si waveguide, the optical field is mainly confined

in the Si waveguide, while the optical field is still confined in the

MQWs for ensuring the optical gain, as shown in Fig. 2(c). These

results indicate that the optical mode field can be controlled by

changing the width of the Si waveguide. We designed the Si

waveguide width to be wider than 0.8 µm to reduce the modal

loss in the cavity.

C. Design of Stopband Modulation

We calculated the behavior of the stopband modulation in the

cavity by using the transfer matrix model. We used the stopband

modulation with a Gaussian function for a smooth refractive

index change. Calculated threshold gains are shown in Fig. 3(a)

for different modulation depths ∆λb. In the calculations, the

total cavity length Lcav and the modulation length Lmod were

500 µm and 50 µm, respectively. As shown in Fig. 3(a), both

longer and shorter wavelength modes have the same threshold

gain when there is no stopband modulation (∆λb = 0 nm).

When the stopband modulation is to the longer wavelength side

(∆λb = 3 nm), the threshold gain for the shorter wavelength

mode decreases and the threshold gain for the longer wavelength

mode increases. This is because a defect mode is created inside

the stopband by the modulation on the shorter wavelength side,

and the longer wavelength mode is suppressed by the stopband,

as shown in Fig. 1(c). By increasing the stopband modulation

depth (∆λb = 6 nm), the threshold gain for the defect mode still

decreases, and the threshold gain for the longer wavelength mode

still increases. As a result, the threshold gain difference between

the fundamental mode and second mode is increased. When the

stopband modulation depth is increased further (∆λb = 9 nm),

the threshold gain for the second defect mode is also decreased,

resulting in a reduction of the threshold gain difference. Fig. 3(b)

summarizes the threshold gain for the fundamental mode (gth0)

and second mode (gth1) and their difference (∆gth) depending

Fig. 3. (a) Calculated threshold gain as a function of wavelength for different
modulation depths. (b) Calculated threshold gain for the fundamental mode and
second mode, and their difference dependence on modulation depth. (c) Calcu-
lated intensity distribution along the cavity direction for different modulation
depths. (d) Calculated relationship between stopband modulation depth and Si
waveguide modulation width.

on the modulation depth. These results indicate that we can

reduce the threshold gain for the fundamental defect mode and

maximize the threshold gain difference with the high-order mode

by using the stopband modulation.

Fig. 3(c) shows the calculated intensity distribution for the

cavity with the stopband modulation for different stopband

modulation depths. The intensity distribution in the cavity with

a λ/4-phase shift is also shown for comparison. The stopband

modulation provides smoother and mitigated intensity localiza-

tion compared with the cavity with the λ/4-phase shift.

Next, we calculated the relationship between the depth of the

stopband modulation and the width of the Si waveguide mod-

ulation, as shown in Fig. 3(d). In the calculation, Si waveguide

width except for the width modulation region is assumed to be

wSi = 0.8 µm. The effective refractive index was calculated in

optical-mode-profile simulations.

In this study, we decided to use the modulation depth of 7 nm

to maximize the threshold gain difference. When the modulation

width of the Si waveguide is set to be ∆wSi = 80 nm, the

stopband modulation depth is ∆λb = 7 nm. This is enough

large to precisely control the stopband by modulating the Si

waveguide width. To suppress the spatial hole burning effect,

shallower modulation depth is preferable, as shown in Fig. 3(c),

however, for easy to fabricate, we use 7-nm modulation depth.

Please note that we can suppress spatial hole burning by reducing

the optical confinement factor in active region, which can be

controlled in III-V/Si supermode waveguide.
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III. DEVICE FABRICATION

The device fabrication procedure is as follows. We use a

silicon-on-insulator (SOI) substrate with a 220-nm-thick Si layer

and a 2-µm-thick buried oxide (BOX) layer. First, Si waveguides

containing the width-modulated waveguides are fabricated using

a 220-nm-thick Si layer, which is then covered with a SiO2

cladding film. For the wafer bonding process, the SiO2 film

is flattened by chemical polishing. After that, an InP substrate

containing the InGaAsP-based six-layer MQWs is bonded to a

SOI substrate by oxygen plasma assisted bonding. After removal

of the InP substrate, the MQW layer is etched to form the core,

and the InP is regrown to form the BH. The total III-V layer

thickness is 230 nm. Zn thermal diffusion and Si ion implantation

are used for p- and n-type doping, respectively. A uniform SiN

grating without a phase shifter is formed on the top-surface of

the III-V layer. The thickness of the SiN grating is 20 nm. The

grating coupling coefficient is calculated to be 33 cm−1. We

use electron cyclotron resonance (ECR) plasma sputtering for

low-temperature deposition of a smooth and thin SiN film with

high uniformity [31]. After that, the entire InP layer is removed,

except for the laser including the 100-nm-tip-width InP taper

waveguides. Finally, metal electrodes and 3 × 3-µm2 core-size

SiOx waveguides are fabricated.

IV. RESULTS AND DISCUSSION

A. Characteristics of Laser With Stopband-Modulated Cavity

We measured fabricated membrane III-V/Si BH DFB laser

with 500-µm long active region [30]. We use an 840-nm wide

Si waveguide with an 80-nm Si waveguide width modulation

at the middle of the cavity, in accordance with the calculations

described in Section II. The modulation length was 50 µm at the

center. The fabricated lasers were performed under continuous-

wave (CW) operations. In the experiment, single-mode high-

numerical aperture fibers (HNAFs) were physically connected

to the SiOx waveguides for the device characterizations. Optical

isolators were used for eliminating the reflections from the

connectors and equipment, as shown in Fig. 4(a). The stage

temperature was controlled by a Peltier cooler. Fig. 4(b) shows

the output power versus injection current (I-L characteristic) at

a stage temperature of 25 °C. The current-voltage characteristic

(I–V characteristic) is also shown. The vertical axis is the sum

of the output power emitted from both facets. Also shown is

the I–L characteristic, which was measured with a large-area

photodetector (without HNAF) placed in front of the SiOx

waveguide facet. From these I-L characteristics, we estimated

the fiber coupling loss to be about 2 dB, which is low compared

with a conventional grating coupler. The threshold current and

maximum fiber output power were 3 mA and 4 mW, respectively.

Fig. 5(a) shows the measured lasing spectrum under an in-

jection current of 35 mA and a stage temperature of 25 °C. We

obtained single-mode lasing at a wavelength of 1552 nm with

an SMSR of 55 dB. We calculated the emission spectrum on the

basis of the transfer matrix model, as shown in Fig. 5(b). Good

agreement with the experimental result was confirmed. The

ripples on the longer wavelength side were suppressed compared

Fig. 4. (a) Experimental setup for measuring the laser characteristics.
(b) Measured I-L characteristics at a stage temperature of 25 °C with and without
HNAF.

Fig. 5. (a) Measured lasing spectrum of laser with stopband-modulated cavity
under an injection current of 35 mA and a stage temperature of 25 °C and
(b) calculated emission spectrum.

with those on the shorter wavelength side. This is evidence that

the stopband was modulated to the longer wavelength side.

We measured the frequency noise spectrum to estimate the

Lorentzian linewidth of the fabricated laser. The experimental

setup is also shown in Fig. 4(a). We use the commercial fre-

quency noise analyzer (OEWaves, Inc., OE4000) to separate
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Fig. 6. Measured frequency noise spectrum under an injection current of
54 mA and a stage temperature of 25 °C.

the white noise from the technical noise such as vibration and

power supply driving laser. From the white noise level, we

can estimate the intrinsic Lorentzian linewidth of the laser by

multiplying π with the white noise level. Fig. 6 shows the

measured frequency noise spectrum under an injection current of

54 mA. We observed a white noise floor. By multiplying π with

a floor noise level between 900 and 1200 kHz, the Lorentzian

linewidth is estimated to be about 300 kHz.

From these results, it was demonstrated that the single-mode

lasing can be obtained by using the uniform grating and width-

modulated Si waveguide which is optically coupled with the

III-V active layer. On the other hand, the maximum output power

was limited to around 4 mW due to self-heating. The output

power can be increased by extending the active region length

since the thermal impedance can be reduced by extending that

length, i.e., the bias current can be increased.

B. Extend of Cavity Length

In this above context, we also fabricated the membrane III-

V/Si BH DFB laser with 1-mm long active region. In the long-

cavity lasers, mitigating the optical power localization becomes

more important for stable-single mode lasing. Therefore, we

have to reduce the coupling coefficient compared with that of

500-µm long laser. In our device, coupling coefficient of the

grating can be controlled by the optical confinement factor in

SiN layer as shown in Fig. 2(a). Therefore, it can be controlled

by the width of the Si waveguide. Fig. 7 shows the measured and

calculated coupling coefficients as a function of Si waveguide

width. As shown, the coupling coefficient is reduced by increas-

ing the Si waveguide width. On the basis of these results, we use

the Si waveguide with a width of 1 µm to reduce the coupling

coefficient to about 27 cm−1. We designed the modulation depth

for maximizing the ∆gth to be ∆λb = 6 nm, corresponding to

the Si waveguide modulation depth of 90 nm, where the base Si

waveguide width is 1 µm.

We measured the output power versus the injection current

for the 1-mm long laser. Fig. 8(a) shows the I-L characteristics

for different stage temperatures. The I-V characteristic at a stage

temperature of 25 °C is also shown. The threshold current and

maximum output power were 5 mA and 17 mW, respectively, at

Fig. 7. Calculated and measured coupling coefficient for SiN grating versus
Si waveguide width.

Fig. 8. (a) Measured I–L-vcharacteristics for different stage temperature.
(b) Measured lasing spectra for stage temperature of 25 and 130 °C under the
injection current of 70 mA. (c) Measured lasing wavelength shifts versus stage
temperature (c) and injection electrical power (d).

a stage temperature of 25 °C. High-output power was obtained

by making the cavity longer than the previous 0.5-mm long one.

The fiber output power was 5 mW at a stage temperature of

100 °C. High-temperature operation up to 130 °C was obtained

with 1-mW output power.

The optical spectrum at an injection current of 70 mA is

shown in Fig. 8(b). We obtained single-mode lasing in the 1-mm

long laser. Single-mode lasing was maintained while the peak

wavelength shifted to a longer wavelength as the temperature

increased.

C. Thermal Analysis

Finally, we confirmed the effect of lengthening of the active

region on the thermal impedance. The lasing wavelength shifts
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Fig. 9. Calculated and measured thermal impedance versus cavity length.

versus stage temperature and injection electrical power were

measured in order to estimate the thermal impedance. Fig. 8(c)

shows the measured lasing wavelength shift versus stage temper-

ature for 0.5-mm-long and 1-mm-long lasers. Also shown are the

lasing wavelength shifts for different wavelength detuning lasers

with the 0.5-mm length. The devices all had almost the same

shift. This is because the lasing wavelength depended on the

effective index, which in turn depended on temperature, but not

on the cavity length or detuning. Fig. 8(d) shows the measured

lasing wavelength shift versus injection electrical power. Also

shown are lasing wavelength shifts for different wavelength

detuning lasers with a 0.5-mm length. The shifts are almost the

same for different detuning lasers with the 0.5-mm length, but

had different slopes for different length lasers. This indicates

that the temperature increase by the injected electrical power is

different for different length lasers. Fig. 9 shows the measured

and calculated thermal impedances for the 0.5-mm-long and

1-mm-long lasers. In the calculation, a heat source was embed-

ded in the p-InP region for simplicity. As shown, the thermal

impedance was reduced by extending the active region. From

these results, we conclude that the high-output power is the

result of extending the active region and reducing the thermal

impedance.

V. CONCLUSION

We developed a membrane BH DFB III-V/Si laser using

a stopband-modulated cavity on Si substrate. The membrane

III-V layer enables us to construct an optical supermode with

a 220-nm-thick Si waveguide. The stopband modulation of the

cavity is created by width modulation of the optically coupled

Si waveguide and provides smoother and mitigated intensity

localization compared with a cavity with a λ/4-phase shift. The

use of uniform grating and width-modulated Si waveguide has

advantage for easy fabrication of single-mode laser. The laser

is fabricated by a direct wafer bonding and epitaxial growth

of membrane InP-based layers on a Si substrate. By using the

500-µm-long DFB laser, we demonstrated that the single-mode

lasing can be obtained by using the uniform surface SiN grating

and width-modulated Si waveguide. By extending the active

region length to 1 mm, 17-mW fiber coupled output power

is obtained. High-temperature operation up to 130 °C is also

obtained with a 1-mW fiber output power. These results are

obtained by using the Si waveguide with the 220-nm thickness.

This development enables wafer-scale laser integration on a

standard Si platform without having to change the thickness

of the Si waveguide. The laser described here is promising for

future high-capacity optical transmitters including lasers and

MZMs on Si photonics platforms.
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