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Design and Analysis of Novel O-Band Low
Polarization Sensitive SOA Co-Integrated With
Passive Waveguides for Optical Systems

Aref Rasoulzadeh Zali

Abstract—Low polarization-dependent semiconductor optical
amplifiers (SOAs) with an easy fabrication process and the capabil-
ity to be co-integrated with passive elements are crucial in photonic
integrated circuits. In this work, we design, simulate, and optimize
alow polarization-dependent bulk SOA based on a novel layerstack
with an unstrained bulk active layer with a robust and easy fabrica-
tion process that allows the co-integration with passive waveguides.
The designed layerstack shows that the reflection between SOA
and the passive waveguide is less than 1.3 x 1075, Furthermore,
by designing the ridge waveguide and layerstack (thickness of the
core and cladding layers), the confinement factor of TE- and TM-
modes (I'te/Tn) are engineered to be approximately the same.
This results in a low polarization-dependent SOA (since for the
active bulk layer, the material gain of TE-mode is very close to
the material gain of TM-mode). Numerical assessment of different
length SOAs in terms of gain, polarization-dependent gain (PDG),
noise figure are extensively investigated. Moreover, a booster SOA
(1100 zzm) with higher output saturation power has been inves-
tigated by widening the width of SOA from 1 pm to 3 pm. The
output saturation power at 10 kA/cm? increases from +7.6 dBm
to +13.9 dBm, when the width of the SOA waveguide increases
from 1 pm to 3 pum. Finally, we discuss the fabrication tolerance
on SOA characteristics. We show that the PDG strongly depends on
the cladding layer thickness tolerance and decreases from 2.3 dB
to 1.3 dB as it changes from 135 nm to 175 nm.

Index  Terms—Semiconductor optical amplifiers, low
polarization sensitivity, bulk layer, polarization-dependent
gain.

1. INTRODUCTION

OWADAYS, O-band (1310 nm) photonic integrated
N transceivers are commercialized for the Datacom optical
interconnects. Steadily growing traffic in data centers requires
higher capacity and power-efficient WDM switches and pho-
tonic transceivers. The required optical power at the receiver side
is one of the main limiting factors in the transceivers to scale the
number of channels/data rate. For photonic switches, on-chip
loss plays an essential role in defining the port count of the
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optical switches [1], [2], [3]. Hence, to enable complex photonic
circuits with the required on-chip amplification, monolithically
integrated polarization-insensitive (PI) O-band SOAs with pas-
sive circuits (splitter, coupler, filters, etc.) are indispensable.
For cost- and power-efficient optical Datacom and Telecom
systems, high gain, broadband, low noise, and integratable SOAs
in photonic integrated platform circuits are required [4], [5].
SOAs have increased flexibility in photonic integrated circuits
in the way that they can operate in a broad optical bandwidth
range from O-band to L-band and play multiple roles such as
booster amplifier, gate switch, and power equalizer. In the optical
fiber system, the state of the polarization is unknown. Thus, to
avoid any misfunctioning of the optical systems and photonic
integrated circuits, including SOAs, it is imperative to design
SOAs that can work in both polarization with low polarization
dependent gain and without affecting its gain, bandwidth, and
other figure of merits.

Researchers have been devising multiple strategies to de-
crease the polarization dependency of SOAs. They proposed
strained multi-quantum wells (by putting strain on the well
or/and barrier), strained bulk active layers, and buried het-
erostructure bulk SOAs with a square-shaped waveguide cross-
section [6], [7], [8], [9], [10]. Designing polarization-insensitive
SOAs based on strained quantum wells (QWs) and bulk layers
involve engineering the energy band through strain to manipulate
the SOA material gain for TE- and TM-mode, which requires
high precision epitaxial layer growth. Moreover, another ap-
proach to realize PI SOAs is based on buried waveguide struc-
tures on the unstrained bulk active layer. However, the buried
structure waveguide’s width needs to be precisely defined, which
requires high precision lithography. Besides, co-integration of
buried structure with other elements based on standard ridge
waveguide involves the realization of window regions and taper-
ing to decrease the facet reflectivity and coupling loss, making
the co-integration with passive components very complex [9].
Finally, the fabrication of buried structures requires several
etching steps and (re-)growth to form current blocking layers and
contacts, making it more complicated than the ridge waveguide
structure [11]. Therefore, researchers have also proposed ridge
waveguide O-band SOAs (without showing the co-integration
with passives, in an active-passive platform) [12], [13]. In Ref.
[12] bulk SOA is designed based on a ridge waveguide with a
width of 3 pum and an active core layer thickness of 250 pm
thickness, thus it is a multimode waveguide and not optimized
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to be integrated with passive waveguides because of the thick
active layer (which increases the butt-joint reflection coefficient
because of refractive index mismatch between the passive and
active waveguide). Accordingly, they briefly showed the results
for a single SOA with 500 pm length without showing its co-
integration with passive waveguides. In this work, we designed
single mode ridge waveguide SOA with a novel layerstack and
demonstrated the integration feasibility of SOA with passive
waveguides via butt-joint connection, and showed the viability
of our design for different SOA lengths. Furthermore, we inves-
tigate the gain, noise figure, and PDG for different lengths and
widths of SOAs.

The co-integration of SOAs with passive waveguides requires
considering several interlinked parameters such as a suitable
active layerstack design (core, cladding, and each layer’s thick-
ness) that is compatible with a passive layerstack to decrease
the mode effective refractive index variation between active and
passive elements for minimized reflection [14]. To the best of
our knowledge, the design of O-band PI SOA based on the
bulk active layer, which could be integrated with a passive ridge
waveguide, is still under research.

Designing PI SOAs based on the bulk layer, integrated with
other passive elements based on ridge waveguide, has several
benefits. First, bulk layer growth is more straightforward than
the epitaxial growth of quantum wells. Moreover, one of the
main building blocks of the foundry photonic design kit (PDK)
is the O-band SOA based on a ridge waveguide to guarantee
full compatibility with the existing photonic integration circuit
(PIC) fabrication process. Thus, the design and investigation of
low PDG SOA working in the O-band with a more simplified
epitaxial layerstack in open foundries is a desired asset.

In this work, we design and analyze a novel O-band low PDG
bulk SOA embedded in a shallow ridge waveguide based on
a novel epitaxial layerstack in the InP platform (i.e., lattice-
matched) and capable of integrating with passive waveguides.
Simulations of SOAs with different lengths ranging between
300 pum and 1100 pym are performed. SOA’s figures of merit
such as gain, polarization-dependent gain, and noise figure
versus wavelength, input power, and bias current are extensively
investigated. We show that a broadband, low PDG, and low NF
SOA with an easy fabrication process is achievable based on the
proposed design. Furthermore, since designing high saturation
power SOAs is required for complex photonic integrated circuits
and switches, we explore and design low polarization-dependent
high saturation power SOAs. In our design, by investigating
different widths and lengths of the SOA we show the possibility
of using our design as a switching gate or booster in optical
communication circuits. Finally, we have investigated realistic
fabrication tolerance on the SOA performance.

The paper is organized as follows. Section II reports the
design of the proposed layerstack and ridge waveguide as well
as material gain and confinement factors of TE and TM modes.
Section III reports the numerical assessment of the SOA’s char-
acteristics, such as net gain, PDG, and noise figure spectrum. In
Section IV, we will discuss the SOA specification as a function of
current and input powers. In Section V, the design and investiga-
tion of high saturation power SOA by engineering the SOA width
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is reported. In Section VI, we study the fabrication tolerance
on the SOA characteristics. Finally, Section IV summarizes the
main conclusions.

II. THE LAYERSTACK AND RIDGE WAVEGUIDE DESIGN

To achieve low polarization-sensitive SOA over the operating
wavelength range it is indispensable to equalize the modal gain
(net gain) of both orthogonally polarized TE- and TM- modes.
This aim could be achieved by engineering the material gain and
the confinement factors for TE- and TM-polarizations.

For the unstrained bulk active material employed in this work,
the material gains for both TE- and TM-polarizations are almost
the same. Consequently, the epitaxial InGaAsP layerstack and
geometry of the waveguide (width and thickness of active layers)
should be appropriately designed to minimize the confinement
factors difference between the TE- and TM- polarization (I T
- I'ty) to achieve less polarization-dependent SOA. The SOA
gain is given by [9], [14]:

% = G = 10log 10(eT9m =) (1)
where G is the modal (net) gain, « is the material losses, g, is
the material gain, / is SOA length, and I'tg and /'ty are the
modal confinement factor of TE- and TM-mode, respectively.
Thus, assuming continuous wave input signal, the polarization-
dependent gain (PDG) could be described (by neglecting the
polarization-dependent losses) as [14]:

PDG = |Grg — Gru|
=10log 10 [e(FTEgTE_FTMQTM)l} )

The ridge waveguide width and thickness of the core
and cladding layers profoundly affect the confinement factor
(I're/T™m), material gain (gTE/TM), and consequently the modal
gain (G) of the SOA. Thus, here we will thoroughly investigate
the effects of geometrical parameters of SOA on its performance.

To design PI SOA co-integrated with passive waveguides,
several interweaved parameters such as layerstack, core thick-
ness, length, and confinement factor must be adjusted and op-
timized. Fig. 1(a)-(b) show the cross-sectional view, normal to
the light propagation (Fig. 1(a)) and along the light propagation
(Fig. 1(b)) of the designed shallow waveguide SOA with a 2
pm width, and two shallow passive waveguides co-integrated
through monolithically coupling in a so-called butt-joint in-
tegration process [15], [16], [17], [18], [19], [20], [21], [22].
The three shallow ridges are separated from each other by a
trench, as the fabricated device should be. The overall design
of the layer stack (thickness of the active layer, i.e., core layer
and separate confinement heterostructure (SCH) claddings) and
SOA geometry such as the width of the waveguide (which is
2 pm) is engineered to avoid the propagation of higher-order
modes and simultaneously maximize the output power [15],
[16]. Based on this design, the 2 pym width passive shallow
waveguides have a loss lower than 2 dB/cm and details of the
passive waveguide design can be found in Ref. [21]. Fig. 1(c)
shows the schematic top view of the SOAs with three different
lengths co-integrated with passive waveguides. This schematic
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Fig. 1. (a) Cross-sectional view (normal to the light propagation) of the
SOA co-integrated with butt-coupled waveguides. The SOA consists of a bulk
Q1.3 InGaAsP active core embedded in the thick InGaAsP (Q1.1) waveguide.
(b) Cross-sectional view along the light propagation (showing only the core and
cladding layers for both active and passive waveguides) of the SOA co-integrated
with butt-coupled passive waveguides. (c) Top view of the three SOAs with three
different lengths of 300 pm, 700 pm, and 1100 pm. The P-contact shows the
scale of the contacts in real mask design for SOAs co-integrated with passive
waveguides. The N-contact is placed at the bottom of the chip.

shows the scale of the SOA contacts in a real mask layout. The
N-contact is placed at the bottom of the chip connected to the
substrate and thus is not illustrated in the top-view. Sometimes
in the experiment and final mask layout, the N-contact can be
placed on top of the chip by etching the polymer and active layer
(cladding and core layer) and putting the contact on the substrate
[14], [15] which can increase the series resistance of the circuit
and eventually heating the active layer.

The integration of active and passive components is realized
through monolithically coupling waveguides in the butt-joint
process. The thickness of the bulk active layer is assumed to be
90 nm. Our simulation shows that the effective index difference
between active SOA (with mode effective index of 3.279) and
passive waveguide (with mode effective index of 3.255) is very
small, around 0.024 at 1280 nm. Moreover, another pivotal factor
that makes the mode matching condition more feasible is the
fact that the area of the mode that resides in the active region
is only a minor percentage, approximately 20%. Thus, having
the bulk InGaAsP Q1.3 in active SOA, the effective index does
not change much by moving from active SOA to the passive
waveguide. Therefore, neither tapering nor window region is
needed to increase the active-passive coupling efficiency. Hence,
based on this simulation, the optical field from the active region
(SOA) efficiently couples to the passive waveguides without
experiencing high reflection and coupling loss [19], [20]. By
using the simulation approach of the finite difference method
(FDM), Fig. 2(a) shows the power reflection coefficient between
active and passive waveguides when light passes through an
active-passive transition. As shown in the figure, in the wave-
length range from 1250 nm to 1350 nm, the reflection decreases
from 1.3 x 107> to 1.23 x 107>, The refractive index variation
from active to passive waveguides is very low and thus we expect
lower reflection and loss. Previous experimental results show
that the resulting co-integration for C- and O-band active-passive
coupling shows negligible reflections less than 9 x 105 and
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Fig.2. (a) Powerreflection coefficient between passive and active waveguides.
(b) shows the simulation domain of the passive ridge waveguide structure
including all layers. (c¢) Zoomed power mode profile of propagating TE- and
TM-polarized optical field through passive ridge waveguide. (d) Material gain
versus wavelength for TE- and TM-mode. The carrier density increases from
2.2 x 1018 10 6.8 x 10'8.

low coupling losses (<0.2 dB) [15], [19], [20], [21]. Since the
reflection is very negligible, in order of 107> (because of very
good refractive matching of the passive and active waveguide),
thus the ripples in the amplified spontaneous emission (ASE)
do not appear. It is noteworthy that the calculated reflection
is between an active-passive interface so-called a butt-joint
connection; which was our main goal to design a SOA with
a butt-coupled connection and minimum reflections. The design
of a tilted waveguide also should be considered in the final chip
facets to reduce the reflection between InP waveguide facets and
the air interface.

Fig. 2(b) illustrates the simulation domain which includes a
cross-section of a 2 pm width passive shallow waveguide, with
the zoomed mode profile of TE and TM polarization propagat-
ing through the waveguide shown in Fig. 2(c). Based on our
simulation results, the optical confinement factor corresponding
to TE- and TM-mode is /g = 0.264 and /1y = 0.218. The
designed SOA can be fabricated following the standard generic
integration platform process offered by SMART Photonics B.V.,
a similar approach that has been done before for SOAs working
in C-band [14]. The fabrication process of the designed and
proposed SOA is straightforward. To fabricate the SOA with co-
integrated passive waveguides, a layerstack can be grown with an
unstrained active (core) layer of Q1.3 InGaAsP surrounded by a
Q1.1 cladding layer. First, the active layer structure as described
in Table I should be grown using metalorganic chemical vapor
deposition (MOCVD) and then patterned and etched with a
combination of RIE and wet chemistries to leave the active
layer structure where needed. These active “islands” then should
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TABLE I
DETAILED DESCRIPTION OF THE SOA LAYERSTACK AND COMPOSITIONS

Layer kg(um) Material Thickness Doping Con-
Description (um) centration
(em )
p-InGaAs 1.71 InGaAs 0.3 P, 1,5><1()19
Cladding3 0918 InP 1 p, 1x10"
Cladding2 0918 InP 0.3 p,5x10"
Cladding 1~ 0.918 InP 0.2 p,3x10"
SCH 1.1 InGaAsP  0.155 Undoped
SCH 1.1 InGaAsP  0.155 Undoped
Cladding 1~ 0.918 InP 0.5 n, 5x10"
Cladding2 ~ 0.918 InP 0.5 n, 1x10"
Substrate 0.918 InP 350 n,2.5x10"

be regrown by MOCVD with a Q1.1 waveguiding layer in a
butt-joint process that has been described in [19], [20]. Finally,
by MOCVD, p-doped top cladding layers are grown on top of the
active and passive regions, after which high-resolution lithog-
raphy and dry-etching are applied to pattern the waveguides. A
passivating dielectric layer may be deposited and a planarizing
polymer spin-coated before metallization. The details of the
designed layerstack for the bulk SOA are reported in Table I.
This includes the layer compositions, bandgap wavelength (1),
thickness, and doping concentrations.

III. MoODAL GAIN, NOISE FIGURE, AND PDG SPECTRA

The modal gain is an essential factor in SOA performance.
The material gain of the InGaAsP Q1.3 bulk active (core) layer
is achieved by solving the Poisson, current continuity, cap-
ture/escape balance, and photon rate equations self-consistently
via the Photon Design HAROLD package. The material’s band
structure calculations are performed at a representative carrier
density. The results of these were then used to estimate effective
masses for hole bands. The material gain spectrum is finally
computed as a function of bias current (carrier concentration)
assuming parabolic band approximation. The Auger, Shockley-
Read-Hall, spontaneous, and stimulated emission processes are
included in calculating the emissions spectra. Subsequently,
the estimated material gain is imported to the PICWAVE soft-
ware package (Photon Design). Field evolution alongside the
propagation direction (length of SOA) is simulated through a
slowly-varying envelope approximation approach in which the
fundamental modes of the waveguide and their confinement
factors are estimated based on that. Fig. 2(d) shows the material
gain spectrum of bulk SOA versus wavelength for TE and TM
modes. The material gain increases by increasing the carrier
density from 2.2 x 10'8 to 6.8 x 10'® and peak wavelength blue
shifts due to the band filling effect. Moreover, in the unstrained
bulk active layer, the light-hole and heavy-hole bandstructure
are degenerate. Therefore, the material gain for both TE- and
TM- modes are very close [14].
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Fig.3. Simulation of SOA gain spectrum at bias current density of 10 kA/cm?

for SOA with the length of (a) 300 pm length, (c) 700 pm, and (e) 1100 pm. (b),
(d), and (f) are the corresponding PDG and NF (for TE-mode) versus wavelength
for gain curves shown in (a), (c), and (e).

Noise figure (NF) is another important parameter in SOA
performance. Assuming continuous wave coherent input signal
to the SOA as an input, the noise figure can be estimated by [23],
[24]:

NF(1) = 10log 10 (2{’(%;3%)

_ G -1
= 101log 10 (Qnspcw>

where G(1) is the single-pass gain, pasg is the ASE power
spectral density, & is Planck’s constant, c is light speed, A is the
signal wavelength, and ngy, is the population inversion parameter.
Based on (3) for the high gain regime, the NF mainly depends
on the population inversion parameter (indicating the degree of
inversion in the gain media).

The modal gain of TE- and TM-mode and the corresponding
noise figure and PDG spectra for three SOAs with 300 pm,
700 pm, and 1100 pm length are shown in Fig. 3(a)—(f) at the
fixed current density (i.e., the ratio of bias current to the SOA
waveguide area) of J = 10 kA/cm? and input signal power of
—20 dBm. For 300 um SOA, as shown in Fig. 3(a) and (b), the
peak wavelength is around 1270 nm with a gain of 10.6 dB,
and the PDG level is 2 dB. While at 1250 nm and 1350 nm
wavelength, the PDG is about 2.1 dB and 0.4 dB, respectively.

3)
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For SOAs with 700 ypm and 1100 pm length, the peak wavelength
is the same as the 300 pm SOA around 1270 nm but with a
higher gain level of 22.9 dB and 29 dB, respectively (c.f, Fig
3(c) and (e)). For 700 um SOA (see Fig. 3(d)), the PDG at
peak wavelength is around 3.78 dB, while for 1100 gm SOA the
PDG at peak wavelength is 2.2 dB and the maximum PDG is
less than 3.6 dB for the entire spectrum, as depicted in Fig. 3(f).
The only difference between the PDG curves for 1100 um SOA
in comparison to the other two lengths, is that the PDG peak
experiences a redshift to around 1330 nm. This is because of two
factors. First the material gain redshifts to higher wavelengths
for longer SOAs due to the inverse of the bandfilling effect. The
other reason is that the confinement factor slightly decreases by
increasing the wavelength of the input signal to 1330 nm, which
keeps the material gain higher along SOA length (the higher
the confinement factor, the higher number of the carriers are
depleted (we will refer carrier depletion as “CD”, through the
paper) from gain media which decreases the material gain along
SOA length).

As indicated, although the gain is lower for shorter SOA, the
bandwidth is broader at the current density of 10 kA/cm?. Gain
spectral bandwidth is one of the key characteristics of SOAs
and is important in system applications. By decreasing the SOA
length from 1100 pm to 300 pm, the 3-dB bandwidth of SOA
increase from 75 nm to around 95 nm. Since the average output
power of the SOA for the assumed current density is constant,
the power density from short and long SOA is different. Thus,
at the same current density, the BW xpower density for short
SOA should be the same for that of long SOA. As a result, the
shorter the SOA, the broader the 3-dB spectrum bandwidth. The
spectrum of PDG and NF (for TE-mode) for three SOA with
300 pm, 700 pm, and 1100 pm length, at the current density
of J = 10 kA/cm?, is reported in Fig. 3(b), (d), and (f)(PDG
on the left y-axis and NF on the right y-axis), respectively. For
SOA with 300 um length, the NF varies between 6.5 dB and
3.4 dB in the range of 1230 nm to 1350 nm (see Fig. 3(b)). For
700 pm long SOA, the NF varies from 6.8 dB at 1230 nm to
5.5 dB at 1350 nm. Finally, for SOA with 1100 pm length, the
NF reduces from 6.3 dB to 5.9 dB, redshifting the wavelength
from 1230 nm to 1280 nm. Beyond 1280 nm, the NF gradually
increases, and at 1340 nm, it rises to 6.7 dB. In conclusion, for
shorter wavelengths (compared to the peak wavelength), with
higher energy photons, the chance of absorption is higher as
in the valence band there are more occupied states at lower
energy levels and more empty states at higher energy levels
in the conduction band. Therefore, the ratio of spontaneous
emission to stimulated emission for shorter wavelengths (higher
energy photons) is higher; as the spontaneous emission is pro-
portional only to the down transition however, the stimulated
emission is proportional to the difference between the down
and up transitions. It is important to note that for wavelengths
beyond 1.35 pm (especially for 300 ym SOA), the gain drops
quickly and the noise level increases, which results in increasing
the noise figure. The trend of our results is consistent and
in very good agreement with the reported results for NF in
Refs. [14], [25], and [26], for other types of MQW and Bulk
SOAs.
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Fig. 4. Simulation of SOA gain versus biased current density at 1280 nm for
SOA with a) 300 pm, (c) 700 pm, and (e) 1100 pm length. (b), (d), and (f) are
the corresponding NF (for both TE and TM polarization) (right y-axis) and PDG
(left y-axis) versus biased current density.

IV. MobDAL GAIN, PDG, AND NOISE FIGURE VERSUS
CURRENT AND INPUT/OUTPUT POWER

In this section, we investigate the effects of bias current on the
gain, PDG, and noise figure of the SOA (for both TE- and TM-
mode). The gain, PDG, and NF performance of SOAs with 300
pm, 700 pm, and 1100 pum length at the wavelength of 1280 nm,
versus current density, is depicted in Fig. 4(a)—(f), respectively.
The general behavior of SOAs for the three different lengths
is the same. By increasing the bias current, the gain (beyond
transparency) increases. For 300 pm, 700 pm, and 1100 pm
SOAs the current corresponding to the transparency is 20 mA,
50mA, and 70 mA at the wavelength of 1280 nm. Ultimately, the
gain saturates at higher bias currents. The saturated (TE-mode)
gainis 11.6 dB, 22.5 dB, and 28.9 dB, for 300 xm, 700 pzm, and
1100 pm long SOAs, respectively (at 60 mA, 140 mA, and 220
mA, respectively). Since the material gain grows by increasing
the current, the PDG increases based on (2). Thus, as depicted
in Fig. 4(a) and (b), the PDG level increases from 0.2 dB to
2.5 dB as the bias current rises from 20 mA to 60 mA. For 700
pm SOA, as the current increases from 40 mA to 140 mA the
PDG increases from 0 dB to 3.5 dB (c.f. Fig 4(c) and (d)).

For 1100 pzm SOA at high-level currents the gain saturation
is more dominant compared to the short SOAs, and carriers
are recombined in the active media; thus, the material gain
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decreases along SOA length. Because of the higher confinement
factor for TE-mode compared to the TM-mode, the material gain
rapidly decreases for TE-mode along SOA length compared to
the TM-mode. However, for higher current levels, the material
gain change (Ag = grg — grm) along SOA length is lower
compared to the lower bias currents. Hence the PDG tends to
decrease at high-level currents for long SOAs. As depicted in
Fig. 4(f), the highest PDG is around 3.6 dB and at a bias current
of 140 mA. By increasing the bias current to 220 mA, the PDG
decreases to 2.4 dB.

The noise figures of the SOAs versus current at 1280 nm
and assuming input power of —20 dBm, for both TE and TM
polarization, are shown in the right axis of Fig. 4(b), (d), and
(f). By gradually growing the bias current, the noise figure
significantly improves, for both polarizations. However, similar
to the gain behavior, it saturates at high-level currents. For 300
pm, the NF level for TE-mode decreases from 11.25 dB to 5.6 dB
as the bias current increases from 10 mA to 100 mA. Itis realized
that beyond some currents, NF doesn’t improve meaningfully,
for both polarizations. This is because by increasing the current
level, the output signal power and noise level simultaneously
improve; however, the signal power improvement is much
lower than the noise level. Thus, the NF improvement saturates
similar to gain behavior versus current. For SOAs with 700 ym
and 1100 pm length, the TE-mode NF at a bias current of 140
mA and 220 mA is 6 dB and 5.5 dB, respectively. The noise
figure for TM-mode follows the same behavior as TE-mode.
The one subtle point about the TM-mode noise figure is that;
it is slightly lower compared to the TE-mode, which can be
attributed to the lower spontaneous emission noise to stimulated
emission ratio in the output of SOA for this polarization [27].

Next, we focus on investigating the gain, noise figure, and
PDG as a function of input (or output) optical power. The gain
is shown versus output power in Fig. 5(a), (c), and (e). PDG
and NF versus input power of three SOAs with different lengths
of 300 pm, 700 pm, and 1100 pum are depicted in Fig. 5(b),
(d), and (f) at the wavelength of 1280 nm and two different
current densities of 6 kA/cm? and 10 kA/cm?. For lower input
powers, the chip gain is higher and almost constant. For SOA
with 300 pum length, the gain at an input power of —20 dBm
is 7.05 dB and 11.45 dB for 6 kA/cm? and 10 kA/cm? current
density, respectively. For SOAs with 700 pm and 1100 pm, the
unsaturated gain (at the bias current of 6 kA/cm?) is 13 dB and
20 dB, respectively. The longer the SOA, the higher the gain (at
the same current density and wavelength).

By increasing the input power, the SOA gain decreases. As
discussed earlier, the TE-mode gain is higher than the TM-mode
gain since the confinement factor for TE-mode is higher than
TM-mode (the material gains for both polarization modes are
very close). Along the SOA length, for high input powers, CD
occurs in the gain media, and SOA saturates; as a result, the gain
decreases. By propagating the optical TE and TM polarization,
the material gain reduces more quickly for TE-mode since the
confinement factor of TE-mode is higher than TM-mode. Thus,
the TE mode intensity grows more rapidly along the length of the
SOA, which in turn the carrier density decreases more quickly
along the length of SOA due to increased stimulated emission.
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Fig. 5. Simulation of SOA gain versus output power at the wavelength of

1280 nm and two bias current densities of 10 kA/cm? and 6 kA/cm?2, for SOA
with (a) 300 pm, (c) 700 pm, and (e) 1500 pm length. (b), (d), and (f) are the
corresponding PDG (left y-axis) and TE-mode NF (right y-axis) versus input
power for gain curves shown in (a), (c), and (e).

This means that the material gain, which depends on carrier
density, drops more for TE-mode than TM-mode. Thus, TE-
mode’s average material gain (the average material gain along
the length of SOA) is less than that of TM-mode. This scenario is
more prominent for higher input powers with more impact on the
SOA saturation. Thus, the output saturation power is different for
TE- and TM- modes, making the PDG lower for higher input
powers. For SOA with 300 pum, 700 pgm, and 1100 pm, the
overall PDG is less than 2.5 dB, 3.4 dB, and 3.4 dB, respectively,
and decreases to 1 dB, 1.2 dB, and 0.5 dB at an input power of
—5 dBm, as depicted in Fig. 5(b), (d), and (f).

Noise figure versus input power can reveal some aspects of
the disadvantages of the high input powers on the SOAs’ per-
formance. Since as depicted in Fig. 4, the noise figure behavior
for both TE and TM polarization is the same, in this part we
investigate the noise figure of TE-mode. The noise figure of
TE-mode versus input power is shown in Fig. 5(b), (d), and (f)
for the SOAs with 300 m, 700 zm, and 1100 pm, respectively. It
is worth noting that SOAs’ NF is almost constant for lower input
powers and deteriorates by increasing the SOA input power. As
the input signal power increases, the SOA gain starts saturating.
In this regime, CD occurs by the signal in the bulk active media.
Apparently, the depletion of carrier density decreases the gain,
increasing the population inversion parameter. Power reduction



ZALl et al.: DESIGN AND ANALYSIS OF NOVEL O-BAND LOW POLARIZATION SENSITIVE SOA CO-INTEGRATED

of ASE power and the output signal is the direct consequence of
reduced gain. However, the signal power (stimulated emission)
decreases faster than ASE power, resulting in decreasing the
ratio of spontaneous emission to stimulated emission which
means NF degradation [27]. As shown in Fig. 5(b) for the current
density of 10 kA/cm? and 6 kA/cm? and at 1280 nm, as the input
power increases from —20 dBm to +10 dBm, the noise figure
increases from 9.4 dB and 10.1 dB to 12.5 dB and 12.1 dB.
The same behavior is visible for SOAs with 700 pm and 1100
pm SOAs (c.f. Fig. 5(d) and (f)). For instance, at 10 kA/cm?
as the input power increases from —20 dBm to +10 dBm, the
NF (TE-mode) of SOA with 1100 pm rises from 8.3 dB to 14.5
dB. Similarly, for SOA with 700 pm, NF rises from 9.15 dB to
15.2 dB. Thus, it is important to note that nonlinear effects and
higher noise figures degrade the data transmission performance
at high input powers.

V. DESIGN OF HIGH OUTPUT SATURATION POWER SOA

The input signal power and generated noise due to ASE
amplification spontaneous emission are two essential factors that
affect the SOA gain. By increasing the input signal power, CD
occurs in the active layer, decreasing the amplifier gain, known
as the gain saturation effect. It can cause substantial distortion
in the output signal and limit the achievable gain when SOAs
are cascaded to perform in a sophisticated integrated circuit
as booster and/or gate elements. In integrated optical switches
and circuits based on SOAs, to improve the maximum linear
output of SOAs and dynamic range level of switches and avoid
waveform distortion due to the pattern effect (which is more
dominant in bulk SOASs), the design of high saturation output
power bulk SOAs is highly demanded. In this section, we focus
on designing high saturation power PI bulk SOA by changing its
geometrical parameters, mainly the width of the SOA. Output
saturation power (P, sat) of SOAs depends on A/I; in which A is
the active region cross-section (effective mode area) and optical
confinement factor, 7. It is worth mentioning that because of
the quantum wells’ lower confinement factor I or higher A/T,
the saturation power for QW SOAs is higher than the bulk SOA
(assuming the same length and current density).

By changing the width of SOA around the reference width of
2 pm,i.e., in the range of 1 pym to 3 um, we investigate the PDG
and P, ¢,¢ of SOA for both TE and TM polarization. Fig. 6(a)
shows the PDG (left y-axis) and output saturation power of TE-
and TM-mode (right y-axis) versus SOA waveguide width at the
fixed current density of 10 kA/cm? and for 1100 zzm long SOA.
By changing the width of SOA from 1 pgm to 3 pm, the PDG
decreases from 2.1 dB to 1.6 dB, as the confinement factor ratio
(I'te/ I'tm) decreases from 1.24 to 1.2 (c.f. Fig. 6(b)). To keep
the current density constant at 10 kA/cm?, the bias current for
wider waveguide SOA increases, increasing the material gain;
as a result, the PDG increases correspondingly. However, for
waveguides wider than 2 pm, the material gain change (Ag =
gTE — grMm)islower compared to the narrower waveguide SOAs
(because of different confinement factors), thus the PDG slightly
decreases for 3 um and 2.5 ym compared to the SOA with 2 ym
width.
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ratio TE- to TM-mode (I'Tg/ I'Tnv) and the ratio of effective mode area to
confinement factor (A/ I) for both TE and TM polarization versus the SOA
waveguide width, both for 1100 zm SOA at bias current density of 10 kA/cm?
and at the wavelength of 1280nm.

As depicted in Fig. 6(a), the output saturation power of TE
polarization increases from 7.5 dBm to 13.9 dBm, as the width
of SOA increases from 1 pym to 3 pm, at the fixed current
density of 10 kA/cm? for 1100 xm long SOA. Similarly, the
output saturation power for TM-mode increases from 6.7 dBm
to 12 dBm, as the width of SOA increases from 1 um to 3 um.
As we emphasized earlier, the SOA saturation power directly
depends on the ratio of active area mode to confinement factor,
i.e., A/[. By changing the width of the waveguide from 1 pm
to 3 um, the A/I ratio almost doubles from 0.04 (um)? to 0.075
(um)? for TE polarization. Based on these results, SOA width
gives us another possibility to engineer the PDG and output
saturation power of SOA.

We should notice that by increasing the waveguide width,
the higher propagation modes might be excited, which to avoid
that, one should use tapering and also mode filters to avoid any
excitation of higher order modes which can deteriorate the SOA
performance.

VI. FABRICATION TOLERANCE STUDY

In the context of sensitivity to fabrication tolerance, we fo-
cus on the influence of manufacturing tolerance on the SOAs
features in this section. The fabrication tolerance includes (i)
active region thickness tolerance, including core and SCH layer
thickness, which depends on the epitaxial growth mechanism
and precision (typically around 10%), and (ii) waveguide width
tolerance, which is controlled by the precision of the lithography
process. It is worth noting that our nominal point for tolerance
study for core, cladding, and width of SOA waveguide is 90 nm,
155 nm, and 2 pm, respectively, as mentioned in Table I. We
aim to see how uncertainty in fabrication around these nominal
values can affect the SOA figure of merits.

The active region thickness (both core and SCH layer) exerts
influences on the confinement factor (I") and effective mode area
(A) and correspondingly gain, PDG, and output saturation power.
Fig. 7(b) shows the PDG variation versus core layer (Q1.3)
thickness. This figure demonstrates that the PDG varies between
1.7 dB and 2.1 dB as core thickness increases from 75 nm to
105 nm. This is confirmed by Fig. 7(a), which shows almost the
same confinement factor ratios (I g/ I\ ) values for different
core layer thicknesses. Thus, the core layer thickness variation
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TABLE II
PERFORMANCE COMPARISON OF DIFFERENT TYPES OF SOAS WITH THE
PROPOSED SOA IN THIS WORK
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Fig. 7. Simulation of the confinement factor ratio of TE- to TM-mode (/'rg/

Itwv) and the ratio of effective mode area to confinement factor (A/ I'tg) for
TE-mode versus the (a) core thickness, (c) cladding thickness, and (e) width of
SOA waveguide. Simulation of the PDG and output saturation power (P sat)
versus the (b) core thickness, (d) cladding thickness, and (f) width of SOA
waveguide. All for SOA with 300 zzm Iength biased at 10 kA/cm? current density
and the wavelength of 1280nm.

does not dramatically influence the PDG. By thinning down the
core layer from 105 nm to 75nm, the effective mode area (A) to
confinement factor (/") ratio for TE-mode improves from 0.045
(1m)? to 0.065 (um)?. As a result, the output saturation power
improves from 6.5 dBm to 7.1 dBm. As already depicted in
Fig. 6, the output saturation for both TE- and TM-modes are
very similar, thus we only show the results for TE-mode here.

Similarly, we assess the influence of the cladding layer thick-
ness variation on the SOA performance (by fixing the core
thickness at 90 nm and width at 2 ym). The SCH layer surrounds
the core layer and is almost 1.8 times thicker than the core
layer; we expect more influences on the waveguide properties,
especially on the confinement factor. As Fig. 7(d) corroborates,
the variation of PDG, in this case, is more prominent than
the core layer thickness variations. As for the thinner cladding
layer of 135 nm and 145 nm (compared to 155 nm, which is
our reference design), the PDG is around 2.3 dB and 2 dB,
respectively. On the other hand, for thicker cladding layers, i.e.,
165 nm and 175 nm, the PDG decreases to 1.9 dB and 1.3 dB
due to the improvement of the confinement factor ratio (c.f.
Fig. 7(c)).

Finally, using a similar approach, the SOA width tolerance
induced by lithography precision (=10% around W = 2 pum)
is evaluated in Fig. 7(e) and (f). We fix the core thickness at
90 nm and SCH layer thickness at 155 nm. Width variations

Refs Gain Type PDG NF - Fab. Co-
(dB) (dB) (dB) (dBm) Tol.* int.*
[10] 19 C-band 0.2 7 17 —_ —_
Exp strained
’ bulk
[12] 27 O-band 1 6.3 10 —_ —_
Exp bulk
[14]
Theo. 22 C-band 2.5 9 7.4 —_ v
& bulk
Exp.
[24] 20 O-band 3 8 20 —_ —_
Exp. cy
This 28 O-band 32 6 10 (14)** v v
work bulk

*Fab. Tol. And Co-int. stands for fabrication tolerance and co-integration with passive
waveguides, respectively.

** Saturation power could be increased by considering wider waveguide width.

In the first column Theo. and Exp. stands for theoretical and experimental works,
respectively.

have a minor impact on the overall PDG performance of SOA
than other types of variations like the active layer thickness
variations. The PDG is almost constant and the same as the PDG
for reference width (which is 2 pm). The ratio of confinement
factors verifies this observation. The PDG decreases to 1.85 dB
as the width increases from 2 pm to 2.3 pm. The final important
parameter is output saturation power variation as SOA width
varies. As the width of SOA increases from 1.7 ymto 2.3 pm, the
effective active area (for TE-mode) to confinement factor ratio
(A/T') improves, increasing the output saturation power from 6.4
dBm to 7 dBm at the same current density of 10 kA/cm?.

Our results show that variation in the thickness of the active
layer, including core and cladding, results in a more consider-
able change in the confinement factor ratio than an equivalent
percentage change in the width. Also, the results show that the
output saturation power variation are almost in the same order
for active layer thickness and SOA width variation.

To compare our proposed design with the other type of SOAs
we have included four different figure of merits including gain,
noise figure, output saturation power, and PDG in Table II. As
depicted, the PDG (0.2 dB) is the least for SOA with strained
bulk. The strain improves the TM-mode gain so the PDG de-
creases. However, adding strain to the active layer makes the
process complex. The PDG for strained QW SOA is 3 dB. Our
proposed bulk SOA working in O-band shows 3.2 dB PDG. The
PDG for the SOA proposed in this work is higher compared to
Ref. [12] it is because the active layer for the proposed SOA
in this work is much thinner than that of Ref. [12]. This makes
the co-integration feasible, avoiding any substantial refractive
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index mismatch between passive and active elements. Based on
that, the device proposed in Ref. [12] cannot be integrated with
passive waveguides because of high reflection from butt-joint
coupling and waveguide higher mode(s) intermixing.

In the first column Theo. and Exp. stands for theoretical and
experimental works, respectively.

The noise figure results of SOAs with different active layers
are in the range of 6 dB < NF < 9 dB. The output saturation
power for SOA with QW active layer is the highest at 20 dBm
because the confinement factor which is the lowest for this
type of SOAs. Strained bulk SOA has a higher saturation SOA
compared to our design since the active layer thickness (50 nm)
is less compared to our design which is 90 nm. Furthermore,
the active-passive integration for O-band SOAs is proposed in
this work, in which we numerically demonstrated the feasibility
of the design that can pave the way for making more complex
photonic integrated circuits in the O-band on the InP platform.
Furthermore, the fabrication tolerance study is also performed
in this work, which can help to get a better understanding of
the restricting parameters from fabrication fluctuation of the
cladding, core, and/or width of SOA.

VII. CONCLUSION

Low polarization-sensitive ridge waveguide bulk SOAs ca-
pable of co-integrating with passive waveguides are designed,
simulated, and analyzed. The designed SOA is based on the
layer stack with an unstrained bulk active layer with a robust
and easy fabrication process. This makes the co-integration of
SOA with other passive-active elements feasible. The designed
layer-stack shows and predicts a low reflection coefficient of
1.3 x 1073 between the active and passive waveguides in the
O-band. At the current density of 10 kA/cm?, we investigated
different SOAs lengths and their characteristics versus input
power, current, and wavelength. We achieved broadband 3-dB
bandwidth of 95 nm and PDG less than 2.1 dB for SOA with
300 pm length with the peak TE gain of 10.6 dB at 1280nm.
For longer SOAs, the bandwidth is narrower, while the gain is
higher. Also, simulation results show that the gain increases by
growing the bias current and for higher currents saturates. The
noise figure improves by increasing the current; however, the
output noise level also increases for very high currents, making
the figure saturated for higher bias currents.

Besides, the SOA characteristics are evaluated versus input
power, and it is shown that by increasing the input power, the
PDG and gain decrease. However, the noise figure increases,
which is more noticeable in longer SOAs. Moreover, we show
that by widening the width of SOA (300 pum length) from 1
pmto 3 pm, 4.8 dB improvement in the SOA output saturation
power is achieved at 10 kA/cm?.

Lastly, the fabrication tolerance analysis of SOA is performed.
We show that the PDG strongly depends on the cladding layer
thickness variation, and 1 dB improvement is achievable as
the cladding thickness changes from 135 nm to 175 nm. Also,
the output saturation power shows very low sensitivity for all
fabrication tolerances and varies within 0.5 dB. The reported
results reveal that the proposed O-band bulk ridge-type PISOA is
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suitable for co-integration with passive waveguides and open the
potential application in co-integration of bulk SOA in complex
switches in O-band Telecom and Datacom systems where the
on-chip integration of actives-passive components is needed.
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