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Abstract A semiconductor optical amplifier at 2.0-um wave-
length is reported. This device is heterogeneously integrated
by directly bonding an InP-based active region to a silicon
substrate. It is therefore compatible with low-cost and high-
volume fabrication infrastructures, and can be efficiently cou-
pled to other active and passive devices in a photonic in-
tegrated circuit. On-chip gain larger than 13 dB is demon-
strated at 20 °C, with a 3-dB bandwidth of ~75 nm cen-
tered at 2.01 pm. No saturation of the gain is observed for
an on-chip input power up to 0 dBm, and on-chip gain is ob-
served for temperatures up to at least 50 °C. This technology
paves the way to chip-level applications for optical communi-
cation, industrial or medical monitoring, and non-linear optics.
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1. Introduction

Interest in the spectral region around 2.0-um wavelength
includes the detection of molecules such as CO, and H,O
for industrial process control and environmental monitor-
ing [1-3]. It is also valuable for non-invasive blood glucose
measurements [4] and laser surgery [5]. Beside, it repre-
sents a promising eye-safe transmission window for op-
tical communication with hollow-core photonic-bandgap
fibers [6, 7] and for non-linear optics with microstruc-
tured chalcogenide fibers [8]. These applications have trig-
gered the research and development of mid-infrared lasers
with various specifications [9]. In particular, the recent
demonstration of a 2.0-um laser [10] and of a 2.35-um
photo-diode [11] heterogeneously integrated on a silicon
(Si) substrate are important steps towards low-cost, high-
volume, and compact photonic integrated circuits (PICs).
They leverage the very mature complementary metal-oxide-
semiconductor (CMOS) fabrication infrastructures [12,13],
which drive most electronic technologies. The simultane-
ous low two-photon absorption coefficient and high Kerr
coefficient of Si around 2.0 pum [14] make it an attrac-
tive platform for future integration with broadband fre-
quency combiners [15] and for power-efficient chip-level
applications in non-linear optics [16—18]. These include
in particular comb generation and frequency doubling
[19,20]. Beside their primary purpose of light amplifica-
tion, semiconductor optical amplifiers (SOAs) are basic
building blocks for ultra-fast all-optical signal processing

devices, such as spectral converters, dispersion compen-
sators, and optical de-multiplexers [21]. When designed for
1.55-um wavelength, they are commonly used in
wavelength-division multiplexing (WDM) transmitters af-
ter the spectral combiner. SOAs heterogeneously inte-
grated on Si have recently attracted considerable attention
[13,22-24], even though they were first demonstrated a
decade ago [25]. Here we report, a SOA at 2.0-um wave-
length. This device is heterogeneously integrated on Si
[26], and thus opens up new possibilities for advanced
PICs.

2. SOA design and fabrication

The design of these 2.0-pm SOAs is based on our re-
cently demonstrated 2.0-um heterogeneously integrated Si
lasers [10]. As illustrated in Fig. 1(a), a 0.50-pm thick par-
tially etched Si rib waveguide is defined by deep-ultraviolet
lithography on a Si-on-insulator (SOI) wafer with a 1-um
thick buried SiO, layer. The epitaxial layers of the ac-
tive region, with four GalnAs quantum wells, are grown
(by nLIGHT, Inc.) with metalorganic vapour phase epitaxy
(MOVPE) on an InP substrate. These wells are compres-
sively strained, thus favoring optical gain for TE-polarized
light [27]. The InP and the SOI wafers are directly bonded
by plasma-assisted wafer bonding and annealed at 300 °C
for 60 min while pressed together with a graphite bond-
ing fixture [28]. An InP/GalnPAs super-lattice is used to
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Figure 1 (a) Simplified cross-section schematic of the SOA,
with the indication of the doping types. Inset shows the cross-
section of the Si rib waveguide. (b) Top-view micrograph of the
device. The image height is magnified 4x. The different N- and
P-contacts are indicated. The 2-mm long Ill-V mesa terminates
with tapers on both sides. Two thick green lines indicate the loca-
tion of the AR coating layers. (c) Top-view schematic of the taper,
in the horizontal plane of the active region.

prevent bonding dislocations from propagating to the ac-
tive region [29, 30]. The InP substrate is removed by me-
chanical lapping followed by 3:1 HCI:H,O wet etching. A
~25-um wide III-V mesa is formed by CH4/H,/Ar reactive
ion etching (RIE) with a SiO, hard mask. This width value
is a trade-off to minimize both the thermal impedance of
the heat sink and the series resistance of the whole device
[31]. As seen in Fig. 1(b)—(c), this mesa is terminated on
both sides by a lateral taper of the active region to a ~1.5-
pum tip, causing the active hybrid mode to couple into a
passive Si waveguide mode. The reflectance of the taper
can be extracted by fitting ASE spectra of the device with
a matrix-element method [31]. This procedure leads to an
estimated value of —18 dB, which agrees well with simu-
lations based on the finite-difference time-domain (FDTD)
method. Under the III-V mesa, the width Ws; of the Si
rib waveguide is 0.5 pm to maximize the transverse op-
tical confinement factor I',, in the active region [10,31],
whereas it is 0.8 um at the facets. It is flared to 2.0 um
underneath the taper tip to reduce I'y, in the narrow taper.

(@)
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Figure 2 (a) Schematic of the experimental setup, including
tunable laser (TL), fiber amplifier (FA), variable optical attenu-
ator (VOA), polarization controller (PC), splitter (SP), integrat-
ing sphere (IS), and optical spectrum analyser (OSA). (b)—(c)
Schematic of the measurement of the loss L¢ from the amplified
spontaneous emission measured with the IS (b) placed closed to
the SOA waveguide, and (c) connected to the lensed fiber.

Notice that having the Si waveguide at the facets allows
the characterization of an SOA that can be used as a sub-
component in a PIC. Bottom contacts (Pd/Ge/Pd/Au) and
top contacts (Pd/Ti/Pd/Au) are deposited respectively on N-
InP and on P-GalnAs. A current channel is then formed by
proton implantation, with a width W, = 6 um. The N- and
the P-contacts are electrically isolated from each other by
sputtering 1 pm of SiO,. The polished Si waveguide facets
are antireflective (AR) coated with 1 pair of Ta,0s/SiO;
layers having an estimated reflectance below —27 dB.

3. Experiments

The sample is mounted on a temperature-controlled Cu
stage and current is delivered via a source measurement
unit (Keithley) and micro-probes (Wentworth). Input light
is provided by two continuous-wave, single-mode lasers
widely tunable around 2-um wavelength. The Thorlabs
TLK-L1950R is used for 1.88-2.02 um and the Newport
Velocity TLB-6736 for 1.99-2.07 pm. A schematic of the
setup is shown in Fig. 2(a). Incident laser light is coupled
into single-mode fibers and intensified with a fiber ampli-
fier (AdValue Photonics). A variable optical attenuator (OZ
Optics) then adjusts the pump power and an in-line polar-
ization controller (Thorlabs PLC-900) rotates the polariza-
tion so the TE-polarized mode is input to the SOA. The
laser light is then split with a coupler (FONT Co.), so that
~5 % of the pump is sent to an integrating sphere (IS) with a
GalnAs photo-diode power sensor (Thorlabs S148C). Light
is coupled in and out of the SOA by tapered lensed fibers
(OZ Optics) attached to V-groove fiber holders (Thorlabs
HFV002) placed on three-axis positioning stages (Newport
562F with piezo actuators PZA12). The light amplified by
the SOA is then coupled to an optical spectrum analyzer
(OSA, Yokogawa AQ6375) via the output lensed fiber.
The green labels j = 1, ..., 7 in Fig. 2(a) indicate the
locations of the corresponding powers P; used to deter-
mine the on-chip gain factor. The power P; measured by
the IS is used to monitor the power P, incident on the SOA.
This is achieved by first calibrating the dependence of the
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Figure 3 (a) Power-current characteristic (left, blue axis) of the
SOA measured at 20 °C in the configuration of Fig. 2(c) and
voltage-current characteristic (right, green axis). (b) SOA output
spectrum measured with a ~2.01-um pump at 20 °C and 330 mA.
The red curve indicates the ASE level involved in the computation
of the noise figure.

splitting ratio Ry, = P,/ P; on the pump wavelength A with
the OSA, and by measuring the loss L. = P,/ P, with the
IS. This last step is schematized in Fig. 2(b)—(c). Notice
that L. includes the fiber attenuation P;/P, and the cou-
pling efficiency P4/ P; between the lensed fiber tip and the
SOA waveguide. For both P, and Py, care is also taken to
determine the fraction of pump power that is in the spec-
tral range centered about A and spanning 1 nm. This is to
exclude the spontaneous emission from the computation of
the gain factor. The power Ps amplified by the SOA is found
from the power P; measured by the OSA in the same spec-
tral range around X, and by including the loss L, = P/ Ps
also measured with the IS. The on-chip gain factor G can
finally be computed from:

G—P P;/ Py Pr/ Py
=Ps/Py = = .
(PZ/PI) (P4/P2) (P7/P5) RschLé

(1

|
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Figure 4 (a) On-chip output power Ps measured at 20 °C and
330 mA as a function of the on-chip input power Py, for a 2.01-
um pump wavelength. The solid red line is a linear fit from which
the on-chip gain factor is found using (1). (b) On-chip gain factor
extracted at 20 °C as a function of the current, for different pump
wavelengths 1. Dotted curves are guides for the eyes.

4. Results and discussion

Fig. 3(a) shows the power-current-voltage characteristics
of the SOA, measured at 20 °C with no optical injection.
Thermal roll-over is seen to occur for currents larger than
~300 mA. This device is then pumped as described in
Fig. 2(a), with the commercial tunable lasers mentioned
in Section 3. The SOA output spectrum, as illustrated in
Fig. 3(b), is measured as a function of the incident power,
at different temperatures, currents, and pump wavelengths.
The on-chip output power can then be extracted. Figure 4(a)
indicates that the relation between SOA input and output
power is purely linear over the available range of on-chip
input power (—40 dBm to 0 dBm). Therefore, no gain sat-
uration is observed and relation (1) thus gives the on-chip
gain factor in the unsaturated (or “small-signal”’) regime.
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Figure 5 Spectral dependence of the on-chip gain factor mea-
sured (a) at 20 °C and different currents /, and (b) at 330 mA
and different temperatures T. Solid curves are fits with (3) and
dashed lines indicate the respective 3-dB bandwidths A4 >.

Gain factors extracted at 20 °C and different pump
wavelengths A are plotted in Fig. 4(b) as a function of the
current. Depending on X, on-chip gain is observed for cur-
rents larger than 130 mA. The largest value of G = 13.1 dB
is measured at A = 2.01 pm, / =330 mA,and V = 1.6 V.

Due to thermal roll-over [see Fig. 3(a)], the gain factor is
not expected to increase significantly for higher currents.

The input saturation power of the SOA can be estimated
from [32]:

_2InQ2) ch oy
TG —-2Tyart’

2

where c is the speed of light in vacuum, / Planck’s constant,
oy =0.17 um? the cross-section area of the active region,
a the differential gain, and 7 the recombination lifetime.
Typical values for GalnAs quantum wells are a = 10~
cm? [33], and T = 1 ns [34]. Assuming a uniform carrier
distribution only within the 6-pm wide current channel,
numerical simulations give I'y, = 4.7 - 1072, For G = 13.1
dB = 20.4, one thus finds an input saturation power P, s =
—5.9 dBm. This value is smaller than the maximal available
on-chip input power. Therefore, gain saturation is expected
to occur, but it is not observed in the experimental data
[see Fig. 4(a)]. The discrepancy is probably due to the
approximations involved in the derivation of (2) and to
the uncertainty in the values for @ and t. Notice from (2)
that an inherent advantage of the present heterogeneously
integrated platform is that the Si waveguide width can be
modified to tune the gain and gain saturation through a
variation of the transverse optical confinement factor I',,.

Fig. 5(a) shows the on-chip gain factor G of the SOA
extracted as a function of the pump wavelength A at 20 °C
and different currents. Its spectral variation at 330 mA is
presented in Fig. 5(b) for different temperatures. On-chip
gain is observed up to at least 50 °C.

At a fixed current and a fixed temperature, the spectral
dependence of the on-chip gain factor can be described by
[35]:

2

G () = Gpexp [—A (h = 2p) ] , 3)
where G, = exp|gnet(Ap)L] is the peak value of G with gpe
the net modal gain, L = 2 mm the length of the active
region, and A, is the peak gain wavelength. The parame-
ter A depends on L, on I'y, and on the material gain g.
It is related to the 3-dB gain bandwidth of the SOA by
Ali2 = 24/In(2)/A. The experimental data of Fig. 5 are
fitted with (3), showing excellent agreement (coefficients
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Figure 6 Fitted values extracted for (a) the peak gain Gp plotted in linear scale, (b) the peak gain wavelength i, and (c) the 3-dB
gain bandwidth A4/, of the SOA. Data are plotted at 20 °C as a function of the current (bottom, blue axis), and under 330 mA as a
function of the temperature (top, red axis). Solid curves are either linear or quadratic fits and dotted curves are guides for the eyes.
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of determination R? > 0.99). The extracted values for Gy,
Ap, and AL/, are presented in Fig. 6.

It is found in Fig. 6(a) that the peak value of the gain
factor increases linearly with the current, with:

3G 9
0 Gy L2 977102 mA™ . (@)
ol ol

This linear behavior can be accounted for by approximating
the peak value g, of the material gain with the following
logarithmic relation [36]:

I+h)
I'vg,L = 1n , 5
,)gP (Itr+15 ( )

~

where I, = 121 mA is the current at transparency and the
parameter I is related to the differential gain.

From Fig. 6(b), it is observed that as the current
increases, the peak gain wavelength decreases lin-
early, with di,/d1 = —83.8 pm-mA~' (or equivalently
dfp/01= 6.17 GHz-mA~', where f, is the peak gain
frequency). This can be explained with the combination
of Burstein’s band filling effect [37] and the free-carrier
plasma loading [38], both arising from the increase of car-
rier density with the current. The resultant effect dominates
over the thermo-optic effect [39,40] and thermal expansion
caused by Joule heating. Therefore, as the current increases,
the effective refractive index decreases and so does the peak
gain wavelength. In contrast, as the temperature of the stage
is increased for a fixed current, the thermo-optic effect is
dominant. In this case, as seen in Fig. 6(b), A, increases lin-
early with the temperature, with 91,/07 = 1.32 nm-K~'.

The data of Fig. 6(c) suggest that the 3-dB gain band-
width AL;/, of the SOA at 20 °C depends quadratically
on the current. This can be understood from the spectral
broadening of the material gain with the carrier density
[41,42]. In particular, a maximum value of A1, = 75 nm
is obtained at 20 °C and 330 mA.

Coupling between the amplitude and phase of the elec-
tric field in a semiconductor cavity can be characterized
with the linewidth enhancement factor [43]. This figure-
of-merit is defined from the carrier-induced change of real
and imaginary parts of the refractive index, and can be
expressed as [44,45]:

4 of, (0gp\
= —p, P22 . 6
o= ey <31 ©)

The effective group index ngy = 3.8 is found in the present
case from the ripples caused on the ASE spectrum by in-
ternal reflections in the SOA waveguide. Using (4), the
previous expression can be rewritten and computed as:

4 af, (3G,
ol

-1
= —n Ty L --) G, =0.94G,. (7)

It was discussed at Fig. 6(a), that the peak value G| of
the on-chip gain factor increases linearly with current. Ex-
pression (7) indicates that this linearity also holds for the

linewidth enhancement factor. This result is in agreement
with previous reports [46,47] where oy was extracted in
SOAs by different methods. Notice that using an SOA to ex-
tract the linewidth enhancement factor of an active region
has the advantage of not being limited to currents below
lasing threshold. At 20 °C and 330 mA, where G, = 20.4,
relation (7) allows to estimate oy = 19.3. Lower values of
ay are desirable in semiconductor lasers, where this pa-
rameter increases the laser linewidth and is responsible for
the unwanted spectral chirping when the devices are modu-
lated [48]. This is also the case for SOAs used in transmis-
sion systems, in order to reduce the chirp undergone by a
large pulse going through the device. However, when used
for cross-phase modulation (XPM), SOAs must produce a
large phase shift with minimal intensity variation. [21,49].
Therefore, in this particular case of wavelength converters,
large values of ay are preferred. Notice that the present
design can be readily modified to tune oy by changing the
confinement, either with the Si waveguide width, or with
the device length.

The noise figure F characterizes the deterioration of
the signal-to-noise ratio as the amplified light propagates
through the SOA [50]. It is a crucial parameter for practical
use of the SOA. The main contributions are the shot noise
Fshot = 1/G due to the amplified signal, and the excess
noise Fi;gase caused by the beating between the signal and
the ASE [51]. This last term is given by [52]:

25 Py
Gcch sx

®)

Fiig-ase =

where Pasg, | is the forward propagating ASE power mea-
sured in the wavelength range §A around A and co-polarized
with the signal. In the present case where the SOA gain
is strongly favored for TE-polarized light, Pasg | = Pasg.
From Fig. 3(b), Pasg/d) = —24.3 dBm-nm~"! at 20 °C and
330 mA, and a moderate noise figure /' = 17.2 dB is found
at the peak gain wavelength of 2.01 pm. Lower values of
F are expected if the SOA is pumped with higher input
powers. Indeed, due to the reduction of the spontaneous
emission factor and the relatively low contribution of the
shot noise, the noise figure reaches a minimum as the gain
is saturated [50].

5. Conclusions and outlook

We have demonstrated a 2.0-um wavelength SOA hetero-
geneously integrated on silicon. On-chip gain larger than
13 dB is reported at 20 °C, with a 3-dB bandwidth of 75
nm. This SOA operates up to at least 50 °C and is hetero-
geneously integrated on silicon. It can thus be efficiently
coupled to other active and passive devices fabricated with
the CMOS infrastructures. We believe that this is a key tech-
nology for numerous chip-level applications in this spectral
range, including spectroscopy, communication, and non-
linear optics.
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