™ |

Check for
updates

Research Article Vol. 30, No. 15/18 Jul 2022/ Optics Express 27983 |

Optics EXPRESS i N

High wall-plug efficiency and narrow linewidth
lll-V-on-silicon C-band DFB laser diodes

JAVAD RAHIMI VASKASI, 12" NISHANT SINGH,2 JORIS VAN
KERREBROUCK,® JOHAN BAUWELINCK,® GUNTHER ROELKENS, -2
AND GEERT MORTHIER':2

! Photonics Research Group, Ghent University-IMEC, 9052 Ghent, Belgium
2Center for Nano-and Biophotonics (NB-Photonics), Ghent University, Ghent B- 9000, Belgium

3IDLab, Ghent University-IMEC, 9052 Ghent, Belgium
“javad.rahimi@ugent.be

Abstract: We present recent results on compact and power efficient C-band distributed feedback
lasers through adhesive bonding of a III-V die onto a silicon-on-insulator circuit. A wall-plug
efficiency up to 16% is achieved for bias currents below 40 mA. The laser cavity is 180 um long
and a single facet output power up to 11 mW is measured at 20 °C by incorporating a broadband
reflector in the silicon waveguide at one side of the cavity. Single mode operation at 1567 nm
with a side mode suppression ratio of around 55 dB is demonstrated. By controlling the phase of
the external feedback, the laser linewidth is decreased to 28 kHz. Measurement result shows a
low relative intensity noise below -150 dB/Hz at 60 mA up to 6 GHz. We also report 20 and 10
Gbps data transmission at a bias current of 50 mA at 20 °C and 40 °C, respectively.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Integration of photonics and electronics is a prerequisite for the future datacom transceivers to
limit the power consumption for interconnects at speeds of tens of Gbps. Silicon photonics is
then often preferred as it allows integrating optical transceivers on a silicon-on-insulator (SOI)
platform [1,2]. During the past decade, there have been rapid advances both in research and
commercialization of silicon photonics components. High-performance passive components
such as optical waveguides and couplers can be realized on SOI using mature CMOS fabrication
processes [3]. Additionally, high-performance silicon optical modulators based on the plasma
dispersion effect have been demonstrated successfully [1]. Germanium, which is a CMOS
compatible material enables the fabrication of ultra-fast photodiodes on silicon [4]. However,
due to their indirect bandgap structure, it is impossible to realize efficient light sources in silicon
or germanium. This issue leads to the need for integrating III-V materials onto SOI to realize
efficient light sources at 1.3 or 1.55 pm.

Different integration methods have been used to combine III-V lasers with silicon photonics.
The hybrid integration has been demonstrated as a viable approach in providing the required
optical sources [5,6]. However, challenges such as scaling limitations and alignment precision
limit the applications of this approach. Another promising approach is the direct epitaxial growth
of III-V materials on the Si substrate. While high performance light sources based on quantum
dot active regions have been fabricated using this technique [7,8], due to the high density of the
threading dislocations (TDs) caused by the mismatch of lattice constants and thermal expansion
coefficients, it is difficult to achieve high quality layers for efficient lasing in multiple quantum
well (MQW) lasers [9]. Heterogeneous integration proved to be another viable alternative for the
realization of high-performance compact lasers onto SOI platform. This technique is mainly
based on bonding or micro-transfer printing. In molecular or adhesive bonding, the III-V material
is first bonded to Si and then processed into active components such as lasers or amplifiers. In
the micro-transfer printing technique, the III-V material is first processed on its own substrate to
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make components as coupons, and then these coupons can be transferred to an SOI photonic
integrated circuit to fabricate lasers or in general photonic integrated circuits [10—12].

There has been a lot of progress in the demonstration of heterogeneously integrated lasers during
the past decade. While vertical cavity surface emitting lasers (VCSELSs) can be good candidates
for interconnects due to their compactness and low threshold, their limited optical power makes
them less desirable for integrated wavelength-division multiplexing (WDM) modules [9]. On the
other hand, edge emitting laser diodes such as distributed feedback (DFB) or distributed Bragg
reflector (DBR) lasers are suitable for the fabrication of compact WDM sources, but have suffered
from somewhat lower wall-plug efficiency in the past. A high wall-plug efficiency normally
leads to a low electrical power consumption for the optical transmitter and requires typically also
less power consuming cooling. This is especially important where many transmitters are present
in a limited area (e.g., in datacenters). Additionally, low noise semiconductor lasers with high
output power are required in many applications such as coherent communications systems and
LIDAR remote sensing [13]. Low noise performance is characterised by low frequency-noise
(or linewidth) and low relative-intensity noise (RIN). Regarding the coherent communications,
the detection of the encoded signal on the phase of the laser light can be disturbed and an error
will be detected if there are severe instabilities in the phase of the laser light. These instabilities
known as phase noise can be described as an intrinsic linewidth of the laser. In a LIDAR system,
a narrow linewidth increases the coherence length of the laser light which results in boosting
the detection range of the LIDAR system and makes the system less vulnerable to the speckle
effect [14]. Heterogeneous integration enables realization of low linewidth lasers in low loss
silicon or silicon nitride platforms [13,15,16]. In this regard, novel designs with better efficiency,
lower intrinsic linewidth and RIN as well as high-speed direct modulation potential are being
investigated.

In [17], high performance long cavity III-V-on-Si DFB lasers with a threshold current of
around 35 mA at 20 °C and a wall-plug efficiency of about 9% at a bias current of 90 mA
were reported. The measured laser linewidth and the side mode suppression ratio (SMSR) were
around 1MHz and 50 dB, respectively. [18] demonstrated low threshold short-cavity integrated
DFB lasers with wall plug efficiencies up to 3% at ImW output power. A SMSR larger than 55
dB as well as a 12.5 Gbps direct modulation were achieved. Intel reported high performance
heterogeneously integrated DFB lasers operating in the O-band with a wall plug efficiency of
15% at 80 °C [19]. However, neither direct modulation nor linewidth characterization results
have been reported. At the expense of more complex fabrication by using a combination of
direct bonding and epitaxial regrowth, short cavity membrane lasers on the SiO,/Si substrate
have been demonstrated [20,21]. A brief review on static and dynamic behavior of demonstrated
heterogeneously integrated DFB lasers is provided in [22]. The low noise performance of
heterogeneously integrated semiconductor lasers also has been investigated thoroughly. In order
to decrease the fundamental linewidth of semiconductor lasers, the quantum phase noise has to
be reduced by controlling the spontaneous emission in the cavity. Regarding the III-V-on-Si DFB
lasers, pushing down the fundamental optical mode into the silicon underneath can result in a
lower optical loss as well as less overlap with the active region. This concept has been applied in
[23,24] by adding a 150 nm planarized oxide spacer to increase the optical mode confinement in
the silicon waveguide. The low quantum well confinement of about 0.2% resulted in a measured
sub-kHz linewidth as well as a high robustness to optical feedback [25,26]. However, a very
high threshold current due to the low confinement factor in the active region and a high grating
reflection limit the maximum output power (to a few mW) of these mm length devices. Other
efforts in demonstrating low linewidth integrated lasers have focused on extended (external)
cavity lasers. Heterogeneous integration enables the optimization of active and passive sections
of external cavity lasers independently and more efficiently. [16,27,28].
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In this paper, we present heterogeneously integrated compact DFB lasers with high efficiency,
low noise, and high modulation bandwidth. First, we describe the design and fabrication of
the devices. Then the static characterization of a fabricated laser including the frequency and
intensity noise characteristics is discussed. In order to investigate the dynamic response of the
laser, a set of small signal and large signal data transmission experiments have been done. We
end with proposals for further improvements.

2. Laser structure and fabrication

Fig. 1 depicts the schematic of the reported devices. A 400 nm thick Si device layer on top of a
2 um buried oxide layer is used. The cavity, determined by a first order, quarter-wave-shifted
grating is 180 um long. The DFB grating is patterned into the SOI using a Voyager electron
beam lithography (EBL) system. Figure 2(a) shows the dependence of the fundamental optical
mode confinement factor in the MQW active region on the width of the III-V mesa and the
silicon waveguide. Decreasing the width of the III-V mesa can be useful in pushing the mode
down into the silicon leading to a lower internal loss. However, it can also be detrimental for
the device series resistance, specifically for short cavity lasers, as well as for the provision of
sufficient gain for lasing. While a wider silicon waveguide can be also advantageous in pushing
down the optical mode into the silicon waveguide and decreasing the internal loss of the cavity, it
can result in excitation of higher order modes and affect the laser performance.

Designing a narrow III-V mesa and Si waveguide together with a narrower DFB grating in the
middle of the silicon waveguide can be beneficial in suppressing the excitation of the higher order
mode which extends towards the edges of the waveguide. The width of the grating is chosen to
be 1 um and that of the III-V mesa and the silicon waveguide is chosen to be 2 um. The 6 um
wide active region consists of six QW layers each 6 nm thick, separated by 10 nm barriers in
between. Figures 2(b-d) illustrate the effect of the DFB grating etch depth on the confinement
factor in MQW active region, the internal loss of the cavity , and the grating coupling coefficient
(x). In this design the DFB grating and the silicon waveguide are defined with a 40 nm etch. This
shallow etch configuration allows the optical mode to be predominantly confined to the silicon,
which not only facilitates the light coupling from the III-V to the silicon waveguide underneath
but is also beneficial in decreasing the internal loss since the III-V cladding layers are highly
absorbing. A 14 um long linear taper is sufficient to get over 90% of coupling. Then the shallow
etched part of the structure is connected to a 180 nm etched, 2 um wide silicon rib waveguide. In
order to increase the single facet output power, a broadband reflector is incorporated in the silicon
waveguide at one side of the cavity. In Fig. 1, the optical mode profiles in the middle of the cavity
and at the taper tip are shown. As reported in figure 2(b) the simulated confinement factor in the
MQW active region, consisting of InGaAsP MQW layers, is 3.5%. These devices are realized
using adhesive bonding in which the III-V epitaxial layer is bonded onto the pre-patterned SOIL.
The full description of the fabrication steps can be found in [22].
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Fig. 1. The schematic of a fabricated heterogeneously integrated III-V-on-Si C-band DFB
laser.
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Fig. 2. Simulation results for the confinement factor in MQW, the internal loss , and the
grating coupling coeflicient. a) Confinement factor in the MQW active region versus the
width of the III-V meas and the silicon waveguide, b) Confinement factor in the MQW active
region versus the DFB grating etch depth, ¢) Internal loss versus the DFB grating etch depth,
and d) DFB grating coupling coefficient « versus the DFB grating etch depth.
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3. Experimental results

3.1. Static characterization

Fig. 3 shows the static characteristics of the fabricated device. The laser is mounted on a stage
equipped with a temperature controller and is biased with a Keithley 2400 source meter. The
output light is collected through a fiber-to-chip grating coupler with a 9 dB measured coupling
loss. In Fig. 3(a) the single facet output optical power is plotted for two different lasers. In our
previous work in [22] the DFB laser has a symmetric configuration with equal output power
from both facets. However, in this work due to an HR facet at one side of the cavity the laser just
has one output facet. As can be seen, at 20 °C the laser has a threshold current of 11 mA and
an output power of up to 11 mW is coupled to the silicon waveguide. By increasing the stage
temperature to 40 °C, the threshold current increases to 15 mA. The measured series resistance is
about 9 Q for the 180 pm long cavity. As can be derived from Fig. 3(b), the lasing wavelength is
1567 nm and the SMSR is around 55 dB at 60 mA.
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Fig. 3. Static characteristics of the current device and an earlier device. a) waveguide-
coupled optical output power, b) the optical spectrum at a bias current of 60 mA at 20
°C.

The DFB grating coupling coefficient « can be extracted from the full stopband visible in the
laser spectrum shown in Fig 3(b), using the following equation [29]:

/12
Al = —B —\(xL,)? + 4n2 1)
27Tl’le/fL0

where AA is the half width of the full stopband, Ap denotes the Bragg wavelength, . represents
the effective index of the lasing mode, and L, is the effective or optical length of the cavity.
Since there is an HR facet at one side of the DFB cavity the L, is equal to 2L where L is the
DFB grating length ( cavity length) equal to 180 um in this work. By inserting Ad= 3.5 nm
from the spectrum, the  value of 233 cm~! is obtained, which is in good agreement with the
simulated value of around 240 cm™! reported in Fig. 2(d). We choose an etch depth of 40 nm as
this combines small internal loss and high «L.

In order to investigate more the performance of the device in terms of wall-plug efficiency, an
intuitive analysis based on experimental results is useful. In Fig 3(a), by considering the slope
efficiency at 20 mA at 20 °C, the ratio of the internal loss «;,; to the mirror loss @, is found to
be 2.2, assuming a 100 % injection efficiency. The simulated internal loss for a DFB grating
etch depth of 40 nm is around 5.4 cm™! (Fig 2(c)) from which a mirror loss of 2.45 ¢cm™! can be
estimated for this cavity. According to [29], a mirror loss range of 0.21 em™' < ay < 7.7 em™!
can be found for the structure represented in this study. The mirror loss strongly depends on the
equivalent phase shift. From the optical spectrum of Fig. 3(b), the phase shift is close to, but not
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equal to A/4. To increase the wall-plug efficiency of the lasers reported in this work, the ratio of
it/ needs to be unity or close to unity which means the «L value has to be reduced. This can
be achieved by decreasing the etch depth of the DFB grating or using a narrower DFB grating.
Fig. 4 gives the wall-plug efficiency versus the injected current for two cases. In our previous
work, the wall-plug efficiency is plotted by adding the output power from both facets. In this
work, more than 16% wall-plug efficiency is achieved at 20 °C for bias currents below 40 mA
which shows an improvement of 4 % compared to our previous work. It also shows the laser
performance in a semi-cooled operation regime with a wall-plug efficiency up to 10%.
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Fig. 4. Tllustration of the measured wall-plug efficiency versus the injected current.

We then measured the spectral densities of the frequency and relative intensity noise of the
laser. The spectrum of the frequency noise of the laser was measured using a OE4000 phase and
frequency noise test system without using an optical isolator, while the RIN was measured with
an electrical spectrum analyzer. Fig. 5 depicts the frequency noise spectra at the bias current
of 60 mA. The power spectral density (PSD) of the Gaussian white noise is found to be 140 x
103 Hz2/Hz at 20 °C. An intrinsic (Lorentzian) linewidth of 440 kHz has been calculated by
multiplying the white noise PSD value by 7. Besides the low loss silicon platform, this reduction
in the solitary laser linewidth can also be attributed to the weak feedback effect of the external
cavity formed by the grating coupler. In our design, the output grating coupler is placed at the
distance of 1350 um from the nearest laser facet and the broadband reflector is approximately 90
um away from the other facet which constitutes a compound cavity with the total length of 1620
pum. The variation of the linewidth with the phase of the external reflection has been described in
[30]. We changed this phase by changing the temperature of the stage and the measured intrinsic
linewidth versus the temperature is shown in the inset shown in Fig. 5. This causes sufficient
changes in lasing wavelength to change the phase of the reflection over 2r. We found that tuning
the operating temperature can lead to a significant decrease in the laser linewidth. The measured
frequency noise spectrum at 22 °C plotted in Fig. 5 shows a white noise PSD of 8870 Hz?>/Hz
which corresponds to a intrinsic linewidth of 28 kHz.

The RIN is measured at 20 °C by connecting the fiber coupled optical output of the laser to a
high speed DSC-R409 Lab Buddy optical receiver. Then the output electrical signal from the
receiver is sent to a low noise SHF S804B amplifier to overcome the limited noise floor of the
spectrum analyzer at the end of the link. The noise measurement is performed up to 20 GHz,
once after switching the laser off to measure the total thermal noise of the link and then after
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Fig. 5. The spectral density of the frequency noise versus frequency of the heterogeneously
integrated DFB laser. The Lorenzian linewidth is calculated by multiplying the white
noise level (the flat part of the spectra) by 7. The measured intrinsic linewidth versus the

temperature is shown in the inset.

turning it on to measure the total noise including the contribution from the intensity noise of the
laser. The laser RIN is then calculated by subtracting the thermal noise from the total measured
noise. The shot noise of the receiver is found to be around -177 dB/Hz which is not a limiting
factor in this measurement. In Fig. 6, the measured RIN at bias currents of 50 mA and 60 mA

are depicted. The laser RIN is below -150 dB/Hz up to 6 GHz.
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Fig. 6. RIN measured from the reported III-V-on-Si DFB laser at bias currents of 50 mA
and 60 mA at 20 °C.
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3.2.  Dynamic characterization

In order to investigate the dynamic behavior of the device, a set of small signal modulation and
large signal data transmission experiments have been carried out. Regarding the small signal
modulation experiment, the laser is biased using an Agilent N5247A vector network analyzer
(VNA) to provide radio frequency (RF) electrical signals. The optical signal of the laser is
captured by a Discovery DSC-10H photodetector (PD) and the corresponding output electrical
signal is connected to the VNA to measure the small signal S parameters. Fig. 7(a) shows the
small signal behavior of the laser at 20 °C and 40 °C with a modulation bandwidth of about
14 GHz and 9 GHz at 50 mA, respectively. The data transmission experiment is performed by
using a Keysight M8196A arbitrary waveform generator (AWG). The modulated output of the
laser is directly connected to a high-speed PD without using any optical or electrical amplifier
nor equalization. Fig. 7(b) and (c) show the eye diagrams for NRZ data transmission with a
Pseudo-Random-Binary-Sequence (PRBS) pattern length of 2°-1 at 20 Gbps and 10 Gbps at 20
°C and 40 °C, respectively.
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Fig. 7. Dynamic characterization of the device. a) small signal response at 20 °C and 40 °C,
b) eye diagram for the 20 Gbps back to back data transmission at 20 °C, and c) eye diagram
for the 10 Gbps back to back data transmission at 40 °C.

4. Conclusion

In this paper, we demonstrated a compact and high-efficiency integrated DFB laser realized by
the adhesive bonding technique. By using a shallow etched grating in the DFB cavity, the optical
mode is predominantly confined to the silicon underneath. This is beneficial in decreasing the
laser threshold current and increasing the slope efficiency as well as in reducing the Lorentzian
linewidth by decreasing the internal loss in the cavity. In order to increase the single facet
output power, a deeply etched broadband reflector is incorporated in the silicon waveguide at one
side of the cavity. Our measurement results show wall-plug efficiencies up to 16% and 10% at
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temperatures of 20 °C and 40 °C, respectively. For further investigation of the device performance,
the frequency and intensity noise of the laser have been measured. A very low frequency noise is
obtained by taking advantage of a low loss short external cavity formed by the weak feedback
from the grating coupler. It is shown that by a 2 °C increase in the temperature the Lorentzian
linewidth can be decreased more than an order of magnitude to a value as low as 28 kHz. In
addition, the RIN is measured below -150 dB/Hz up to 6 GHz. Dynamic characterization of the
laser has also been carried out and 20 and 10 Gbps directly modulated data transmission have
been reported at a bias current of 50 mA at 20 °C and 40 °C, respectively. Further improvement
could still be expected by optimizing the etching of the InP mesa to reduce scattering loss or by
decreasing the mirror loss by reducing the DFB grating coupling coefficient x. Using a narrower
active layer would improve the confinement factor over volume ratio and thus also the modulation
bandwidth. The narrower active layer will most likely also reduce the leakage current and thus
result in lower threshold current and still higher efficiency.
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