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Abstract—High demand exists for low operating energy opti-
cal links that use wavelength division multiplexing technologies
in datacenter networks. Thus, we fabricate a directly modulated
membrane distributed-reflector laser with low operating energy on
a thermally oxidized silicon (Si) substrate. Because we use epitax-
ial growth to bury an active region on a directly bonded InP-based
membrane, it needs to be kept within a critical thickness, which is
related to the growth temperature and the thermal expansion co-
efficients of materials. In previous studies, we used 250-nm-thick
structures, causing relatively large series resistance that limited de-
vice performance on such aspects as energy cost and output power.
In this study, we increase the III-V membrane thickness to 350 nm,
which is close to the calculated critical thicknesses. We achieve the
same high crystal quality of multiquantum-wells found in our pre-
vious studies. The fabricated laser shows a differential resistance
of 72 © and thermal resistance of 982 K/W. Thanks to a reduction
in bias voltage, the laser can be directly modulated at 25.8 Gbit/s
with an energy cost of 97 £J/bit. In addition, due to a reduction in
heat generation, direct modulation with a 50-Gbit/s non return to
zero signal is demonstrated by increasing bias current up to 10 mA.

Index Terms—Epitaxial growth, quantum well lasers, semicon-
ductor lasers, wafer bonding.

1. INTRODUCTION

HE rapid increase in transmission capacity and power con-
T sumption in data centers are becoming big issues [1].
Therefore, large-capacity, low-power consumption, and low-
cost optical links are desired for datacenters. Currently, vertical-
cavity surface-emitting lasers (VCSELs) are widely used in
these networks because they offer 25-Gbit/s or faster direct
modulation with a low-energy cost of around 100 fJ/bit [2]-[5].
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However, using single mode fibers with dense-wavelength di-
vision multiplexing (DWDM) technologies is a challenge. This
is because VCSELSs use a wavelength-scale cavity to improve
the modulation efficiency, so the lasing wavelength is sensi-
tive to its cavity length, which makes precise control of the
lasing wavelength difficult [5]. In contrast, in-plane InP-based
distributed-feedback (DFB) lasers are widely used in metro- and
long-haul WDM networks because they satisfy requirements
such as wavelength controllability and single-mode operation
[6]-[8]. However, the energy cost of DFB lasers is almost ten-
times higher than that of VCSELSs because they need relatively
large active volume due to the smaller coupling coefficient of
the grating, i.e., large mirror loss, compared with VCSELs.

Another important issue is the cost because datacom appli-
cations require a huge number of transmitters. Large-scale pho-
tonic integrated circuits (PICs) have attracted much attention
in efforts to reduce the fabrication and assembly costs. In this
context, processing heterogeneously-integrated III-V materials
on a large-scale silicon wafer are a promising solution because
of a size limitation in the InP wafer [9], [10].

To overcome these problems, we have been developing DFB
and distributed-reflector (DR) lasers with a membrane struc-
ture integrated on a thermally oxidized silicon wafer (SiO,/Si
wafer) [11]-[14]. A membrane InP-based structure sandwiched
between low-refractive-index materials enables increasing the
grating-index coupling coefficient («), resulting in small mirror
loss of the cavity. This structure also enables a stronger op-
tical confinement factor compared to conventional InP buried
heterostructure (BH) lasers. Therefore, high modulation effi-
ciency and very low energy consumption can be achieved using
a DWDM-adaptive DFB cavity structure [14]-[16].

In our fabrication scheme, the InP-based layers includ-
ing InGaAsP-based multi-quantum wells (MQWs) are directly
bonded to a SiO,/Si substrate. All fabrication processes includ-
ing epitaxial regrowth of InP are carried out on SiO,/Si sub-
strate, so we have to find a way to overcome the problem caused
from the difference in the thermal expansion coefficients of InP,
Si0,, and Si. The key to achieving the proposed process is con-
trolling the InP-based layer thickness to less than its critical
thickness because we have to suppress the degradation in the
epitaxial layer during high-temperature processes such as epi-
taxial regrowth and selective doping [13]. These aspects make
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Fig. 1.

Schematic of membrane DR laser integrated on SiO5.

the membrane laser a promising candidate for light sources in
datacom networks.

In previous studies, we developed membrane DFB and DR
lasers with a 250-nm-thick ITI-V layer [11]-[14]. The fabricated
50-pum-long membrane DR laser shows a 25.8-Gbit/s direct
modulation with non-return to zero (NRZ) signal at an energy
cost of 132 fJ/bit [14]. To the best of our knowledge, this is
the most energy-efficient in-plane DFB or DR laser reported
so far. However, a thin membrane structure integrated on SiO;
results in high series and thermal resistance. Consequently, de-
vice performance regarding aspects such as output power and
modulation speed are restricted because we cannot increase the
current density due to the increase in the active region temper-
ature. Moreover, the series resistance has a direct effect on the
power consumption and energy cost of laser operation.

In this paper, we describe the fabrication of a membrane DR
laser that has a 350-nm-thick structure. A thicker membrane
compared with our previously developed lasers provides low
electrical and thermal resistance. Thus, we expect to achieve a
reduction in energy cost and the suppression of the temperature
increase in the active region at a higher bias current density. A
350-nm-thick InP-based active layer is directly bonded to the
Si0,/Si substrate, and the crystal quality after the high tem-
perature process was confirmed using photoluminescence (PL)
and x-ray diffraction (XRD) measurements. The fabricated DR
laser exhibited a threshold current of 0.77 mA, and a differential
resistance of less than 72 2 when the bias current was 10 mA.
A reduction in temperature increase per injection current due to
a thicker membrane structure was successfully confirmed. We
achieved an energy cost of 97 fJ/bit for 25.8-Gbit/s NRZ direct
modulation, and we also demonstrated NRZ direct modulation
at 40- and 50-Gbit/s.

II. DESIGN AND FABRICATION OF MEMBRANE LLASER

Fig. 1 shows a schematic of amembrane DR laser on a Si0,/Si
substrate. The 350-nm-thick epitaxial III-V layers consist of a
6-period MQW stack (~105 nm) sandwiched between an un-
derlying InP layer (~165 nm) and InP cap layer (~80 nm). The
III-V layer is integrated on a 2-inch Si substrate with 2-um-thick
thermal oxide. The active core is InGaAsP/InP BH with a width
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of 1.0 um and a length of 75 um. The InP cap layer is periodi-
cally etched to form a surface grating that determines the lasing
wavelength. The cavity consists of a 75-um-long DFB section
and a 50-um-long distributed Bragg reflector (DBR) section.
Because we use a high grating-index coupling coefficient (k)
to achieve low operating energy, we use a uniform grating for
the DFB section to suppress spatial hole burning compared with
when using a A/4-shifted grating. A stable single-mode lasing
is achieved by selective reflection of one of the stopband-edges
of the DFB cavity using a DBR mirror. This structure also en-
ables us to achieve selective optical output from the front-side
waveguide.

The total thickness of the III-V layer should be determined
by the crystal quality. During the epitaxial regrowth of InP to
bury an active region, the directly bonded wafer is exposed
to a temperature of around 600 °C. This induces a significant
amount of thermal strain caused by the difference in thermal
expansion coefficients between InP and Si. The thermal strain
at growth temperature (~ 600 °C) was calculated to be approxi-
mately 800 ppm, corresponding to the calculated critical thick-
ness of between 200 nm (mechanical equilibrium model) and
430 nm (energy equilibrium model) [13]. The experimental re-
sults also confirmed this calculation; we observed the line-defect
in a directly-bonded 500-nm-thick InP-based membrane after
exposing the regrowth condition, while neither line- nor point-
defects were observed for a 250-nm-thick one [13]. On the basis
of that, previously we designed the III-V membrane thickness
of DFB and DR lasers to be 250 nm [11]-[14].

However, the thin membrane structure results in high-series
resistance because the membrane lasers use lateral current in-
jection. A high series resistance induces a temperature increase
in the active region that causes degradation in gain. Therefore,
we evaluated the high-temperature tolerance of a thicker InP-
based membrane directly bonded to a SiO,/Si wafer. We set the
total thickness at 350 nm, which is 100-nm thicker than our
previous design. The wafer was annealed at 600 °C for 30 min
in a metalorganic vapor phase epitaxy (MOVPE) reactor. The
crystal-quality characterization was carried out before and af-
ter annealing. Fig. 2 compares the PL spectra for 6QWs before
and after annealing. The same-structure MQWs grown on the
InP substrate is also shown as a reference. The excitation light
is a continuous-wave operation laser diode at a wavelength of
980 nm. The characterization in the PL intensity was carried out
by comparing the median value of all measured points except
where the voids appear. The PL intensity was ~5 times greater
for the MQWs on SiO; than for those on InP. This seems to oc-
cur because both the excitation and collection efficiencies were
enhanced due to underlying InP/SiO, and SiO,/Si interfaces.
The change in PL intensity after annealing was only 6%. In
addition, no change was observed in the spectral shapes or peak
wavelength. We also evaluated a micro-scale PL-intensity distri-
bution using a focused-laser beam at a wavelength of 1064 nm.
Fig. 3 shows a peak-intensity map after annealing. We found no
significant dark lines or spots over 500 um x 500 um. Fig. 4
compares the (004) diffraction peaks for MQWs on SiO,/Si,
before and after annealing, with XRD w-26 scans. We simulta-
neously observed the peaks close to w = 31.67 degrees and
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Fig. 2. PL spectra for MQWs on SiO,/Si wafer before (blue solid line) and

after (red dashed line) annealing, compared with the same MQWSs grown on InP
substrate (black dashed line).
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Fig. 4. XRD w-20 characteristics of 350-nm-thick InP-based membrane that

includes MQWs before and after exposure to MOVPE regrowth condition.
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Fig. 5. Estimated temperature increase in InGaAsP active core as a function
of injection current. The inset shows calculation model for the temperature
increase in the InGaAsP core.

34.56 degrees, corresponding to the lattice constant of InP
and Si, respectively. The satellite peaks mainly represent the
strain, thickness, interfacial-steepness and number of quantum
wells. We did not observe any significant change in the posi-
tion or width of the peaks. These measurements revealed that
the MQWSs’ structure remains almost the same even when the
directly-bonded wafer is exposed to an MOVPE regrowth con-
dition, when the total thickness of the III-V layer is 350 nm.

We then estimated the effect of thickening the InP-based
membrane on the temperature increase. We carried out a
2-dimensional thermal diffusion calculation using the cross sec-
tion shown in Fig. 5. We assumed that only the Joule heat con-
tributes as the heat source in the n- and p-clad regions due to the
lateral current between the contact layer edges and active region
edges. Therefore, the resistance in the clad regions is inversely
proportional to the layer thickness. The doping density in the p-
and n-regions is 1 x 10'® cm™3. The resistivity in n- and p-clad
regions is 1.1 x 1073 Q-cm and 4.2 x 1072 - cm, respec-
tively. The Dirichlet boundary condition was set at the bottom
of the silicon substrate. Fig. 5 shows a calculated temperature
increase in the active region as a function of injection current.
The temperature increase at the same injection current is 39%
lower when the membrane is thickened from 250 nm to 350 nm.
This enables increasing the current injection so that higher out-
put power and relaxation oscillation frequency can be achieved.
The increase in ITII-V thickness causes a decrease in the optical
confinement factor when the QW structure is the same. Fig. 6
compares the calculated optical mode-field in QWs when the
total thickness is 250 nm and 350 nm. This figure also shows
the optical mode-field for a conventional InP-based BH laser
that includes 1.8-um-wide 6QWs and a 100-nm-thick separate
confinement heterostructure. The optical confinement factor for
6QWs in a 350-nm-thick membrane structure is 10.1% while
that in a 250-nm-thick structure is 12.4%. However, 10.1% con-
finement is still approximately 1.7 times greater than that in
conventional InP-based BH lasers.
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Fig. 6. Calculated optical mode-field of BH (a) 250-nm-thick membrane in-
tegrated on SiO;. (b) 350-nm-thick membrane integrated on SiO;. (c) Conven-
tional InP-based MQW laser.

We then fabricated the membrane DR laser with the 350-nm-
thick III-V structure. Fig. 7 shows the fabrication procedure.
First, an etch-stop InGaAs layer and a 350-nm-thick InP-based
membrane layer that consists of a ~105 nm active core sand-
wiched between InP layers were grown on a 2-inch InP (001)
wafer. The active core has 6-period InGaAsP-based MQWs.
Next, the epitaxial InP wafer was bonded to a 2-inch SiO,/Si
(001) wafer with a 2-pm-thick thermal oxide layer. Then, the
epitaxial InP-based membrane layer was left on the SiO,/Si
wafer by mechanical polishing and chemical etching of the na-
tive InP substrate. After that, we deposited a selective etching
mask on the InP membrane and defined mesa-stripes using dry
and wet etching. This process leaves a 175-nm-thick InP layer
except for the region where the etching mask was formed. And
then, we selectively regrew an undoped InP layer using the
MOVPE to fabricate a InGaAsP/InP BH. After that, we fabri-
cated a lateral p-i-n junction by means of thermal diffusion of Zn
for p-type doping and ion implantation of Si for n-type doping.
Then, surface gratings were formed by dry etching of InP. The
grating pitches were different between the DFB section (above
the active region) and the DBR section (on the rear-side of ac-
tive region). After that, the InP waveguide was formed by dry
etching. The excess InP-based layers were also removed here.
The InP waveguide was taper-terminated to suppress the back
reflection. Finally, Au-based electrodes were deposited on both
the p- and n- doped InP regions to form an electrical contact.

III. DEVICE CHARACTERISTICS
A. Static Characteristics

Static characteristics measurements were carried out by de-
tecting light output from the InP waveguide edge using an opti-
cal power meter. Fig. 8 shows the optical output power and the
bias current versus the injection current (L-I-V characteristics)
at room temperature (RT). It also shows the characteristics for a
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Fig. 7. Fabrication procedure for membrane DR lasers on SiO,/Si substrate.
(a) Direct bonding of InGaAsP-based active layer and InGaAs etchstop layer
grown on InP substrate to SiO»/Si substrate. (b) Removal of InP substrate.
(c) Formation of mesa-stripe that leaves 170-nm-thick InP-membrane on SiO5.
(d) Epitaxial regrowth of InP to fabricate InGaAsP/InP BH. (e) Formation of
p-i-n junction and gratings. (f) Formation of InP waveguides and electrodes.
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Fig. 8. Dependence on bias current of optical output power and bias voltage
(L-I-V characteristics) for developed 350-nm-thick laser and previous 250-nm-
thick device.

previously developed 250-nm-thick and 80-xm-long DR laser.
They had the same-structure InGaAsP-6QWs as an active core
and were integrated on 2-pum-thick SiO», so the device structures
are very similar except for their total thickness. The kinks at a
high bias current seem to be caused because of reflections from
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Fig. 9. Lasing spectra of DR lasers at RT when a bias current is increased
from 1 mA to 20 mA. The inset shows wavelength shift as a function of input
power.

the InP-waveguide edge due to lack of anti-reflection coating or
an integrated spot-size convertor (SSC) [14]. The 350-nm-thick
laser exhibited a threshold current of 0.77 mA, and a differential
resistance of 72 2 when the bias current was 10 mA. Due to
the thicker membrane structure, the differential resistance for
the 350-nm-thick laser is approximately 42% lower than that
for the 250-nm-thick one. In addition, an injection current at
which the maximum output power was observed increases from
13 mA to 22 mA. No significant change occurred in the thresh-
old current, indicating that the crystal quality remains the same,
even though we used a 100-nm-thicker structure.

Next, we measured the bias-current dependence of the lasing
wavelength and temperature dependence of the lasing wave-
length, revealing the temperature change at a certain injection
current. Fig. 9 shows the lasing spectra of a 350-nm-thick laser
at bias currents of 1, 5, 10, 15 and 20 mA. We observed single-
mode lasing at wavelengths from 1535 to 1540 nm. The side-
mode suppression ratio was 44.0 dB when the bias current was
10 mA. Although the ripples observed on the bottom of the stop-
band indicate external optical feedback due to reflections, the
shorter wavelength edge of the DFB stopband was successfully
selected at any injection current by the DBR mirror and no mode
hopping was observed. We estimated the grating index coupling
coefficient at ~1000cm ™! from the DFB stopband width of
18.4 nm. The inset shows a wavelength shift as a function of
input electrical power. The slope, AA/AP, was 0.101 nm/mW.
Fig. 10 also shows the lasing spectra. Here, we used a bias cur-
rent of 8 mA and controlled the stage temperature from 25 °C
to 87.5 °C. The inset shows a wavelength shift as a function
of temperature change. The slope, AAMAT, was 0.103 nm/K.
The calculated thermal resistance was 982 K/W, which was
49% suppressed compared to a 250-nm-thick and 50-um-long
device and 28% suppressed compared to 250-nm-thick and
80-um-long devices [14]. Fig. 11 shows the lasing wavelength
shift and the corresponding temperature change calculated from
AAMAT as a function of the bias current. We compared the
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currently developed device and previously developed 250-nm-
thick devices. The temperature increase in the 350-nm-thick
membrane structure with a 75-um-long active region was 52%
suppressed from a 50-m-long device and was 30% suppressed
from an 80-um-long device, due to a reduction in differential
resistance.

B. Dynamic Characteristics

We then evaluated the dynamic characteristics of the
350-nm-thick membrane DR laser. Fig. 12 shows the relax-
ation oscillation frequency, f;, as a function of the square root
of the bias current above the threshold at RT. We measured
the relative intensity noise (RIN) to evaluate f;. The modula-
tion efficiency was 9.1 GHz/mA'!/2, which is almost the same
as that of a previously developed laser, even though the active
volume is 1.5-times greater. Assuming that the maximum mod-
ulation speed is calculated as 1.3 x 1.55 x f;, a 25.8 Gbit/s
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TABLE I
OPERATING CONDITIONS FOR DIRECT MODULATION

25.8 Gbit/s (a) 25.8 Gbit/s (b) 40 Gbit/s (c) 50 Gbit/s (d)
I, 2.4 mA 3.0mA 9.0 mA 10.0 mA
Vy 1.04V 1.10 vV 1.56 V 1.64 V
V- 0.130 V 0.190 V 0.759 vV 0.791 vV
Energy cost 97 fl/bit 128 fl/bit 351 fI/bit 328 fl/bit

direct modulation with an injection current of 2.7 mA would be
expected [17], [18].

Next, we demonstrated a direct modulation with a NRZ signal
having a modulation speed of up to 50 Gbit/s. The measurement
was carried out at RT, and a 2*! —1 pseudo-random bit sequence
(PRBS) was used. Fig. 13 shows the measured eye diagrams
for 25.8, 40, and 50 Gbit/s monitored with a digital sampling
oscilloscope. The bias current, I, bias voltage, V;, and voltage
swing, V,,_, are listed in Table I. The energy costs were calcu-
lated by dividing the applied DC energy by the bit rate, which is
commonly used to qualify the power consumption of VCSELs
[2]. We observed an eye-opening at a modulation speed of 25.8
Gbit/s when the bias current was >2.4 mA. Thanks to a reduc-
tion in bias voltage, the corresponding energy costs were 97
fI/bit (Iy: 2.4 mA) and 128 fJ/bit (1,: 3.0 mA). To the best of our
knowledge, this is the most energy-efficient DR or DFB laser
reported that we are aware of. In addition, a reduction in tem-
perature increase enables us to increase a bias current, so a 40-
and 50-Gbit/s direct modulation was also demonstrated. We ob-
served an eye-opening for 40 Gbit/s with an energy cost of 351
fJ/bit (Iy: 9.0 mA). Further improvement in modulation speed
and output power would be possible by increasing the internal
quantum efficiency, which is estimated to be 32.4% [19], which
is lower than the maximum achievable value of ~70%. Optimiz-
ing the epitaxial layer structure such as by increasing the num-
ber of QWs seems a promising way to achieve efficient current
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Fig. 13. Eye diagrams for membrane DR lasers directly modulated at (a, b)
25.8 Gbit/s (c) 40 Gbit/s and (d) 50 Gbit/s. The zero-points are at the bottom of
the figures.

injection. The integration of SSC is also promising to increase
both static and dynamic characteristics because the SSC pro-
vides low-loss coupling to single-mode fibers, and it also sup-
presses the unexpected external optical feedback due to the
reflection [14].

IV. CONCLUSION

We developed a membrane DR laser on a SiO,/Si wafer that
has a 350-nm-thick III-V membrane layer. We designed this
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relatively thick membrane structure to reduce the series resis-
tance so that temperature increases would be suppressed. Be-
cause a 350 nm is close to, or even greater than the calculated
critical thickness of directly-bonded InP on Si at an MOVPE
growth temperature (~600°C), we systematically determined
that the crystal quality of InGaAsP-based 6QWs remains al-
most the same even after exposing the directly-bonded wafer to
an MOVPE regrowth condition. Thanks to the 100-nm-thicker
membrane structure, we successfully achieved a reduction in
differential resistance and an increase in temperature. The fab-
ricated DR laser exhibited a 25.8-Gbit/s direct modulation with
a low energy cost of 97 fJ/bit, and we also demonstrated 40-
and 50-Gbit/s direct modulation. These results demonstrate that
our laser is promising for future network applications in data
centers and the proposed fabrication procedure is a promising
way to fabricate InP-based large-scale PICs.
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