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Abstract: We report on the design, fabrication and performance of the first hetero-integrated
II1-V on silicon sampled-grating distributed Bragg reflector lasers (SGDBR) operating in the
O-band and based on direct bonding and adiabatic coupling. Two devices with different
geometric parameters are presented both showing an output power in the Si waveguide as
high as 7.5 mW and a continuous tuning range of 27 and 35 nm respectively with a side
mode suppression ration higher than 35 dB.
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OCIS codes: (250.5300) Photonic integrated circuits; (140.5960) Semiconductor lasers.
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1. Introduction

As copper interconnects and microelectronics circuits fail meeting the growing data stream
demand, research has turned to fiber-based optics as a way to transfer data on a broader band
and a longer reach. The price of III-V bulk optical components is however an issue and to
compete with microelectronics, mass production is compulsory hence the growing interest in
silicon photonics. This solution is a way to leverage the know-how acquired in processing
silicon using CMOS facilities and to take advantage of the fact that Si is transparent in the C-
and O-bands thus enabling to build Si waveguides at tele- and data-communication
wavelengths.

However, because of its indirect bandgap, no efficient light source can be built into pure
Si. Up to now, the prospect that appears the most promising in terms of design and process
fabrication is to create hybrid III-V/Si laser sources where the I1I-V material stands for the
gain region and the other functions (such as gratings or couplers) are built into the Si
waveguide. Efficient II1I-V/Si devices have already been demonstrated including distributed
Bragg reflector (DBR) lasers [1,2] or distributed feedback (DFB) lasers [3,4].

To reach broadband communication, it is necessary to transfer several wavelengths in one
same waveguide (WG) using dense wavelength division multiplexing (DWDM) which can
be enabled thanks to Mach-Zehnder based multiplexors, arrayed waveguide or echelle
gratings [5,6]. To do so, the different laser wavelengths need to be controlled very precisely
which is unrealistic if we take into consideration all the standard deviations that are inherent
to fabrication processes. This is the reason why a post process wavelength control may be
required for some applications. Because of their architecture, it is very tricky to tune III-V/Si
DFB lasers without damaging their performances. III-V/Si DBR lasers can be tuned (as
described in references [7]) but in that case, the tuning is not continuous without a phase
section and the accuracy of the wavelength control does not go below the nanometer scale.
Continuously tuned III-V/Si lasers were demonstrated around 1.55 pm using the Vernier
effect in a double-ring cavity [8,9]. I1I-V/Si SGDBR lasers were also reached at 1.55 um but
the tuning was implemented using carrier injection instead of thermo-optic effect [10].
However, no continuously tuned III-V/Si lasers have ever been demonstrated in the O-band
because  historically, the demand for tunable devices was rather needed for
telecommunication applications. Nonetheless, as the interest in datacommunication arises, the
necessity to tune lasers around 1.31 pum appears as well which leads to specific design and
technological challenges such as the period size decrease. This publication tackles the design,
fabrication and characterization of continuously tunable hybrid III-V/Si sampled-grating
DBR (SGDBR) lasers in the O-band. To our knowledge, the devices presented in this work
are the first continuously tunable devices around 1.31 pm and the first III-V/Si SGDBR tuned
using thermo-optic effect.
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2. Laser architecture and design

2.1. Overall structure

a}){ Lgain <—> Light way
«— - and n-doped
z InP layers

InGaASP MOW Right heater\

S10> gap
BOX Si waveguide

Si substrate

Fig. 1. (a) Schematic side view of the hybrid I1I-V/Si SGDBR laser (not at scale). (b) and (c)
are cross sections of the laser in the active and mirror regions respectively. (d) is a top view of
the III-V to silicon adiabatic coupler.

An overview of the device is displayed in Fig. 1(a). The 700-um-long active region (Lgin)
consists of a III-V waveguide including InGaAsP multiple QWs (MQWs), with a maximum
gain centered at 1310 nm, surrounded by p- and n-doped InP layers. It stands on top of a
silicon waveguide, with a SiO, gap of 90 nm. The laser cavity is formed by two SGDBR
surrounding the active region and etched along the 500-nm-thick silicon waveguide. The red
arrows schematically indicate how the light generated in the MQWs is coupled into the Si
waveguide. It shows that the laser is designed, as explained below, so that light stays
confined in the III-V MQWs when in the active region to maximize the gain and is
transferred to the Si WG at the output of the active region.

A cross section of the gain region is represented in Fig. 1(b) showing that the Si
waveguide consists of a 200-nm-thick rib on a 300-nm-thick slab. Depending on the width of
the rib (Wyg;), light is confined either in the active (III-V semiconductor) or passive (Si) WG:
at both terminations of the active region, the silicon WG is widened adiabatically as in Fig.
1(d), enabling light to be coupled into the silicon with more than 90% efficiency. The
principle of operation of those 100-um-long mode transformers is fully described in [4,11]
and references therein. In order to maximize the modal gain, carrier injection is concentrated
in the center of the III-V active waveguide thanks to H' “resistive” doping on the sides of the
5-um-wide InP/InGaAsP deep-ridge waveguide as represented in Fig. 1(b). Laser light
emission is finally collected with a fiber positioned on the top of a waveguide-to-fiber surface
grating coupler (FC grating).

Both mirrors are designed to reach the same reflectivity on each side of the cavity, which
means that the same output power is produced at each laser output. The cross section of the
SGDBR in Fig. 1(c) shows that for the mirrors, Wy; is as wide as the slab. To tune the device
wavelength, the thermo-optics effect is used. The heater (HT) is a metallic NiFe layer
deposited above each mirror; a current going through this layer heats the Si WG thanks to
Joule effect. This temperature change induces a variation of the refractive indices in the
mirror and a shift of its response toward higher wavelengths.
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2.2. Sampled-grating mirror principle

The first SGDBR laser was demonstrated by V. Jayaraman et al. [12] and consisted of I1I-V
bulk materials tuned by carrier injection. To better understand the basis of this device, a
schematic view of one of the mirrors is represented in Fig. 2(a). It is based on a DBR mirror,
where elementary patterns are periodically removed. Two periods are thus superimposed: ‘a’
the initial grating period and ay, the sampling period. The reflectivity response of such a
mirror is a comb for which the central wavelength depends on ‘a’ and the spacing between
two peaks on ag,. Two such responses are displayed in Fig. 2(b) for SGDBR mirrors with the
same parameters i.e. a, e the etching depth and DCj, the sampling period filling factor. The
only difference between both mirrors is their sampling period which are respectively 29.8 pm
and 26.5 um. In both cases, their response is a comb centered on 1311 nm but the interval
between their peaks is different (respectively 8 and 9 nm). Consequently, the Vernier effect
results in selecting the only wavelength for which the responses are aligned: the central one
as it can be seen by the R,R, product (black line on the plot). Building a laser with these
mirrors therefore allows for a very precise wavelength filtering thanks to this effect.
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Fig. 2. (a) Schematic view of a SGDBR mirror with its different parameters. (b) Spectral
responses of two SGDBR mirrors with different sampling periods. For both mirrors, a = 196
nm, e =20 nm, DCy, = 0.1 and Riaxscosr = 0.8.

Regarding the tuning capability of a laser built with the mirrors from Fig. 2(b), it is clear
that when heating the mirror with the highest sampling period, the peaks at longer
wavelengths than the central one are successively selected. When heating the mirror with the
lowest sampling period, the peaks on the left of the central wavelength are selected instead
which means that this kind of cavity offers the possibility to tune the wavelength either
toward lower or higher wavelengths. Using this method, the device can be tuned on a very
large wavelength range, with no need for high tuning powers, but not continuously. To bridge
the gap between two peaks and reach continuity, both mirrors need to be heated at the same
time.

2.3. Mirror design

To design the SGDBR mirrors of the devices presented below, their responses were plotted
using transfer matrix theory as well as finite element method (FEM) to calculate the effective
and group indices of the modes. As represented in Fig. 2(a), the parameters to optimize when
designing a SGDBR mirror are a, ay, DCsp, e and Lsgpgr, the total grating length. The former
parameter depends on the central wavelength (Agrge) through the Bragg relation (@ = Aprage
/2n. for a first order grating where n. is the average effective index in the grating). Here, an
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average effective index of 3.342 was calculated at Agye, = 1310 nm using FEM, which leads
to a period @ = 196 nm. As for the spacing between the peaks of the comb (or its FSR for
Free Spectral Range), it depends on ag, and the average group index, n,,., following (see
[12)):
12
FSRappr = o oa (1)
Mg ave Dsp

Before selecting the values of the mirrors sampling periods, one has to notice that the Vernier
effect occurs every:

FSR FSRRight SGDBR (2)

|FSRLeﬂ SGDBR FSRRight SGDBR

There is thus a trade-off to make between having a short gap to bridge for the continuous
tuning choosing low FSR values and having a large tuning range with no second peak
selected (i.e. with Advemier large enough so that the second peak selected stays out of reach
regarding the MQWs gain). Moreover, the lower the difference between the two FSR, the
higher Aldvemier but the higher the chance to get an overlap between two peaks that are not
exactly aligned. For the lasers designed here, we chose not to have a difference lower than
0.5 nm between the FSR of each mirror and to get an FSR between 6 and 7.5 nm to limit the
heating power while maximizing the tuning range. The sampling period values are then in the
[31; 40] nm spectral range.

The mirror lengths were chosen so as to reach an 80% reflectivity for each mirror. Their
values depend then on the etching depth and the sampling filling factor of the mirror. The
characteristics of two SGDBR mirrors are plotted in Fig. 3 for an etching depth of either 15
nm or 25 nm. The etching depth has two effects: the lower it is, the narrower the peaks of the
combs are but the longer the total grating length has to be in order to reach the same mirror
reflectivity. The product of both mirror responses in Fig. 3(b) shows that from e = 25 nm, the
second order peaks starts to overlap and could compete with the selected peak. To limit this
overlap while working with mirrors lengths shorter than 1000 pm, e = 20 nm was selected.

Left SGDBR

Aﬂ'\/emier

(a)e=15nm (b)e=25nm
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Fig. 3. Responses of two SGDBR mirrors with different FSR, a = 196 nm, DC, = 0.10 and
Riaxsoper = 0.8. For each plot, the etching depth is different: (a) e = 15 nm, (b) e =25 nm. The
circles highlight the other wavelengths for which the product R|R; is higher than zero which
might induce a competition with the central wavelength.

As it can be noticed in Fig. 4, the effect of DC;, is stronger than that of e. For filling
factors lower than 0.2, the lower DCj,, the higher the reflectivity of higher order peaks.
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Choosing small DCj, values thus enable to reach a large tuning range. The drawback is that
the total grating length needs then to be increased to reach the wanted reflectivity.
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Fig. 4. Responses of two SGDBR mirrors with different FSR, a = 196 nm, e = 20 nm and
Riaxscpsr = 0.8. For each plot, the sampling period duty cycle is different: (a) DCy, = 0.10, (b)
DCy, = 0.15. The circles highlight the other wavelengths for which the product RR; is higher
than zero which might induce a competition with the central wavelength.

However, in some cases, the second Vernier effect peak can be selected as in Fig. 4(a).
For each laser design, the sampling filling factor was selected to reach the highest tuning
range possible while getting rid of the second order Vernier effect.

3. Hybrid SGDBR laser fabrication

The laser fabrication process is similar to that explained in [4,13] at least until the laser pad
deposition after which other steps are added for the tuning: first, a 200-mm silicon on
insulator (SOI) wafer is processed with four successive lithography and reactive ion etching
steps. Those include the 20-nm-deep grating level for which e-beam lithography was used to
better define the grating which period is only 196 nm. This process level is followed by three
others implemented using 193 nm deep UV (DUV) photolithography: the rib, the fiber-
coupler grating and eventually the slab level. The SOI wafer is then encapsulated with silica
and planarized by chemical-mechanical polishing (CMP) to reach a 90-nm SiO, thickness
above the Si WG. Meanwhile, the III-V heterostructure was grown (with the same stack as
the one detailed in [4]). Both wafer surfaces are then cleaned and activated to release the
dangling bonds before they are put into contact. The Van der Waals bonding is then
strengthen using a 3 hours annealing at 200 °C.

After the wafer bonding, the subsequent steps comprise the InP substrate removal using
HCI:H,0 wet etching, the H" implantation and the wafer downsizing from 8 to 3 inches. The
III-V waveguide is then defined by a photolithography and a CH4-H, dry etching followed by
the p- and n-type contact deposition and lift-off. Afterward, the 2-inches-wafer is covered by
a 2-um-thick SiN layer used for encapsulation which is opened to reach the contacts. Finally,
Au metallic pads are formed. The NiFe 250-nm-thick heater metallic layer is then deposited
before the Au heater pad formation.

An optical microscope picture displaying one of the devices at the end of the whole
fabrication process is represented in Fig. 5 where the heater pads, the laser gain region and
the fiber-coupler grating can be seen.
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Fig. 5. Optical microscope picture of a I1I-V/Si SGDBR laser.
4. Experimental results

In this section, we present the results obtained for two different SGDBR lasers. Their

geometrical parameters as well as the expected mirror reflectivity and FSR are gathered in
Table 1

Table 1. Hybrid III-V/Si SGDBR lasers parameters.

Laser a Lgain R DG, LRightsGpBrR
SGDBR 1 0.15 635 um
SGDBr2  126nm 700 pm 0.8 0.10 913 um

Laser @sp. RightsGDBR __ FSRRightsGpBR  LieitsGDBR s, LefisGpBR _ FSRyefisGpBR
SGDBR 1 397 um 6 nm 602 pm 31.6 pm 7.5 nm
SGDBR 2 S 915um  36.6 ym 6.5 nm

The Light-power-Intensity-Voltage (LIV) curves corresponding to these devices are
plotted in Fig. 6. We can first notice that the resistance is quite high: a linear fit made on the
voltage versus current leads to resistances of 22 and 51 Q for SGDBR lasers 1 and 2
respectively. These high values are attributed to the fact that during process, the MQWs were
too deeply etched and the n-doped InP layer is consequently not thick enough to get proper
laser resistances: respectively 125 nm and 100 nm instead of the 150 nm wanted. This also
explains the high threshold current values. In spite of this problem and because SGDBR
cavities have high quality factors, the devices presented below display high output powers.
After removing the insertion losses into the fibers, measured to be 6 dB, the output power of
both laser reaches 7.5 mW within the Si WG (taking into account both sides of the laser since
as much power is produced on the left as on the right output). The kinks of the LI curve are
due to mode hops which are unavoidable with such a laser architecture: as carriers are
injected into the cavity, a thermal detuning occurs within the gain region and the Vernier
effect occurs on another peak.
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Fig. 6. Laser output power (taking into account both laser outputs) and voltage as a function of
the laser injection current for two different SGDBR lasers (laser 1 and 2).

Spectra measured for laser SGDBR 1 are displayed in Fig. 7 for different heater currents
injected, showing in each case a side mode suppression ration (SMSR) higher than 40 dB.
These graphs give a good overview on how the tuning takes place: the peaks corresponding
to each mirror are clearly distinguishable with those related to the right SGDBR below, and
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to the left SGDBR above the background curve. As one of the mirrors is heated, either the

peaks below or above are shifted toward higher wavelengths and another wavelength is
selected.

FSR=6nm /7.5 nm
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Fig. 7. Spectra, at different heaters injection currents, for SGDBR 1 (FSRes = 6 nm / FSR g =
7.5 nm).

The peak wavelength reached by the lasers depending on both their left and right heater
powers is given in Fig. 8. Both lasers show continuous tuning over a 27 and 35 nm range for
SGDBR laser 1 and 2 respectively. On the whole tuning range, the SMSR belongs to the [35;
50] dB range and the power fluctuates between 1 and 8 mW in both cases. It is important to
notice that here, the laser injection current was set to either 130 mA or 120 mA respectively
and only the heaters injection currents were modified. To get less power fluctuations, the
laser injection current shall be adjusted or a phase section might be added.
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Fig. 8. Peak wavelength depending on the power of both heaters for SGDBR 1 at I = 130 mA
(a) and SGDBR 2 at I = 120 mA (b).

For the former device, the heater powers reach 900 mW for the left one and 1100 mW for
the right one to sweep along the whole wavelength range. For the SGDBR laser 2, heater
powers of rather 1300 mW are needed because the mirrors are longer (see Table 1) and thus
have higher resistances. Consequently, the power needed to reach the same temperature
difference (and index change) is higher for the second laser. The advantage of the SGDBR
laser 2 is that the FSR of the right mirror is 6.5 nm compared to 7.5 nm for the first laser. It is
therefore easier to select more peaks and thus reach a higher wavelength range.

Spectra measured from the SGDBR laser 1 equally spaced by 0.8 nm are displayed in Fig.
9. It shows that with such a device, it is possible to control very precisely the wavelength of
interest and that this device could be used for DWDM applications. The laser injection
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current is set to 130 mA and only the heater powers are modified. To obtain the same power
for all the wavelength (which is not the case here), measurements including laser injection
current changes should be implemented.
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Fig. 9. Spectra of SGDBR 1 at different heaters power values for a 130 nm laser injection
current. Each spectrum is separated from the following one by a 0.8 nm interval.

5. Conclusion

We have reported on the demonstration of the first widely-tunable hybrid III-V/Si SGDBR
lasers operating in the O-band. Through the study of two lasers with different opto-
geometrical parameters we could conclude that a shorter sampling filling factor for the mirror
induces the need for more tuning power. We also showed that a smaller size difference
between the sampling period of each mirror within the cavity enables to select more peaks
within the gain region and thus get a device tunable on a wider range.

An output power as high as 7.5 mW in the Si waveguide was demonstrated and most
importantly a continuous tuning range of 35 nm was reached. The lasers are single-mode on
the whole spectral range and exhibit a SMSR higher than 35 dB. This wavelength range thus
correspond to £+ 1.34% of the 1.31 um central wavelength. This is close to the state of the art
value of + 1.45% reached at 1.55 um in [9] with a double-ring based architecture.

Current and future works are mostly focused on improving the heater efficiency to limit
the tuning power consumption, lowering the contact resistance and building lasers with wider
spectral-gain responses to achieve a broader wavelength tunability. To provide high volume,
low-cost and compact solutions for (400G and beyond) next-generation optical interconnects,
the wafer-level co-integration of such hybrid III-V/Si lasers with modulators [14],
multiplexors, photodetectors and their electronic IC’s is currently in progress.
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