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Abstract—In monolithic photonic integrated circuits (PICs), an
optimized active/passive integration is needed to provide efficient
coupling and low amount of interface reflections between amplifiers
and passive components. A 1300 nm semiconductor optical ampli-
fier (SOA) on InP substrate and optimized for butt-joint reflections
is investigated. Material performance were assessed from measure-
ments of broad area lasers. Room temperature operation reveals
1.2 W single facet output power with threshold current around
100 A/cm2 per well. Characteristic temperatures of T0 = 75 K and
T1 = 294 K were obtained. A compact model description of the
SOA, suitable for the design of PICs and rate equation analysis,
was applied to parametrize the unsaturated gain measurements.
Current injection efficiency of 0.65, transparency carrier density
of 0.57 1018 cm−3, and free carrier absorption losses up to 15 cm−1

were extracted from fitting the data. The model is verified with
measurements of optical gain saturation. A modal gain of 15 dB for
a 600 µm long narrow ridge SOA leads to output saturation power
higher than 30 mW at 7 kA/cm2. This building block contributes
to the development of an InP monolithic integration technology in
the 1300 nm range, which can enable the use of photonic integrated
circuits in many kind of applications.

Index Terms—InP, monolithic integrated circuits, o-band
telecommunications, semiconductor optical amplifiers, semicondu-
ctor device modeling.

I. INTRODUCTION

S EMICONDUCTOR optical amplifiers (SOAs) are a criti-
cal component for numerous kinds of photonic integrated

circuits (PICs). SOAs are the basis for the development of
light sources such as light emitting diodes [1] and tunable laser
systems [2]. These components are also used to increase output
power and to maintain sufficiently high signal levels as the signal
propagates throughout many optical components [3]. Extensive
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studies have been performed on 1300 nm SOA [4], [5], since
commercial fibers present near zero dispersion in this spectral
region [6]. SOAs in this wavelength range are widely used in data
centers since high bit rates can be achieved without the need of
dispersion compensation. O-band SOAs can then be included
in more complex systems such as dual wavelength division
multiplexers for high bit rate and capacity transmission systems
[7]. 1300 nm SOA are commonly used for their low temperature
dependence [8] and high efficiency [9], [10]. Different InP SOA
were designed as discrete components and optimized for low
polarization dependence [5], high operating temperatures [11]
and wide gain bandwidth [12].

The introduction of active-passive integration technologies
creates the opportunity of using 1300 nm SOAs in more complex
circuits such as extended cavity widely tunable laser systems
[13] or optical switches [14]. Both hybrid integration [15] and
hetero-epitaxial growth [16] technologies at 1300 nm have been
developed to integrate SOA with passive waveguide on Si sub-
strates. Threshold current as low as 450 A/cm2 has been reported
for quantum dot laser grown on Si (001) [17]. Narrow width
ridge SOA revealed gain as high as 45 cm−1 and on chip optical
power of 25 dBm at room temperature [18]. However, these
“III-V on Si” approaches face the challenge of the creation of
some bonding defects at the interface between the two different
materials [19].

The development of a new quantum well-based InP SOA in the
1300 nm wavelength regime is a crucial step in the development
of a 1300 nm monolithic integration platform on InP. This
1300 nm platform on InP is designed to have minimized active
passive interface reflections and optical loss [20] with the same
integration process. Moreover, the introduction of a 1300 nm
InP generic integration platform, based on the already existing
one [22], brings the benefit of being able to use a standard set
of building blocks to create various complex circuits and optical
functionalities. The platform will allow fast and cost-effective
prototyping in the 1300 nm band, giving the opportunity to serve
many different applications.

In this paper, we present the design and the characterization
of a new InGaAsP/InP SOA that will be integrated with a low
propagation loss passive waveguide via a butt-joint integration
scheme with a single regrowth step, to further develop a new
monolithic generic integration technology at 1300 nm. The
analysis of the fundamental properties of active devices such
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as temperature and current dependent emissions reveals that
the requirement of being compatible with an active/passive
butt-joint integration technology does not lead to any major
downgrades in the optical performance of the active layer stack
chosen.

First, the active layer stack design is presented together with
the considerations made to meet the requirement of compatibil-
ity with an active passive monolithic integration technology on
InP at 1300 nm. Then, the overall material quality is addressed
through measurements of broad area Fabry-Perot lasers and the
analysis of parameters which highlight the device performance.
The description of a compact model for a narrow ridge width
optical amplifier is presented and verified through experimental
data of gain spectra and optical gain saturation. This SOA model
description can be then use in the design and simulation of
photonic integrated circuits fabricated on a 1300 nm generic
InP integration technology.

II. ACTIVE LAYER STACK DESIGN

To develop a generic platform for photonic integration at
1300 nm, active devices such as lasers and amplifiers need
to be integrated with passive components such as propagation
waveguides, splitters, and reflectors. One of the main challenges
of the integration technology is to engineer the active and the
passive components so that the best coupling and the lowest
amount of interface reflections are ensured. In this work, an
InGaAsP-based optical amplifier with photoluminescence (PL)
targeted at 1310 nm, is designed, and simulated with the com-
mercial simulator HAROLD licensed from Photon Design. In
active-passive integration it is important to minimize reflections
from the butt-joint active passive area transitions to at least
−50 dB. The reflections can lead to poor side mode suppression
inside tunable laser systems or instabilities when causing feed-
back to the laser. Therefore, an important requirement during the
design of the active layer stack was to match the fundamental
mode effective index of the SOA to that of the InP passive
waveguide designed for 1300 nm light propagation. The change
in the effective index with respect to the passive waveguide has
been limited to Δneff < 5 10−3 and the mode overlap has
been kept to >99% in simulations, to keep reflections at the
active passive interfaces <50 dB. This requirement is targeted
as follows. Firstly, the total active region thickness is chosen to
be 400 nm and both the separate confinement heterostructure
and the barriers present a quaternary energy bandgap (Q-value)
of 1.1 μm, to match the passive waveguide dimensions and com-
position. Inside the active region four InGaAsP based quantum
wells are embedded. A low number of wells does not lead to
very uneven carrier densities in the different wells and in this
way, the material gain can be reasonably approximated as four
times the gain arising from a single quantum well. Moreover,
low number of quantum well is a good compromise between
having sufficient high small signal gain and a limited modal
effective index mismatch with a passive waveguide with the
same geometry. The second aspect concerns the design of the
quantum wells in which compressive strain is used, and the
design of the barrier layers which are needed to compensate the

Fig. 1. Difference in the effective index of an active shallow etched ridge
waveguide with respect of a passive waveguide with ridge width W = 2 µm as
function of compressive strain applied to the quantum wells. The effective index
of a 2-µm-wide passive shallow etched waveguide is 3.26.

strain. It turns out the compressive strain level that can be used
in the quantum wells is limited by the requirement to maintain
a sufficiently low effective index mismatch with the passive
waveguide. The introduction of compressive strain leads to an
increase in the transverse electric (TE) gain which is beneficial
for achieving lower threshold current levels [23], [24] in lasers
and improves high temperature performance [8].

The compressive strain removes the degeneracy in the va-
lence sub-bands at the Γ point. The splitting of the heavy and
light holes degenerate bands decreases significantly the Auger
recombination and the intervalence band absorption [10], in-
creasing the SOA optical performance. On the other hand, the
introduction of strain induces a change in the refractive index
of the well, and a change in the Q-value of the barriers from the
targeted value (Q = 1.1μm) which can lead to an effective index
change in the active region of the waveguide and a smaller mode
overlap with the passive waveguide. The fundamental TE mode
effective index of a straight waveguide with same single mode
ridge width of 2 μm is equal to 3.26. The introduction of strain
increases the effective index change with respect to a passive
waveguide with the same ridge width. This is depicted in Fig. 1
which shows the calculated modal refractive index as function
of different compressive strain in a four quantum well structure
using HAROLD software licensed from Photon Design.

Therefore, it is possible to imply that the more the strain is the
higher the effective index difference is which can increasingly
deteriorate the mode overlap at the active passive interface. This
will introduce higher coupling loss and strong reflections at the
butt-joint interfaces which can compromise the performance
of integrated laser systems. Moreover, simulations show that
strain values higher than 0.8% do not noticeably increase the TE
material gain. A smaller than 10% increase in the material gain
occurs when the amount of compressive strain in the quantum
wells is doubled in the simulation from 0.7% to 1.4%. For this
reason, we limit the amount of compressive strain at 0.8%, to
ensure the butt-joint reflection is smaller than −50 dB inside
our extended cavity tunable laser systems. At room temperature,
isothermal one-dimensional simulations of the optimized layer
stack design, shown schematically in Fig. 2(a), reveal a threshold
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Fig. 2. (a) Cross-sectional view of the fabricated SOA acitve layer stack.
(b) Measured photoluminescence spectrum of the wafer with this layer stack
design.

current of 300 A/c m2 and minimum internal loss of the amplifier
as low as 4cm−1. A material gain for TE polarized light of
2200 cm−1 is predicted at 5 kA/cm2. Finite difference element
mode simulations calculate an optical confinement of around 4%
inside the active region for a shallow etched 2 μm wide ridge
waveguide. This value is approximately 1% for every quantum
well present inside the SOA.

III. DEVICE FABRICATION

The InP based fully active test structures were fabricated
by Smart Photonics following a well-established processing
technique [22]. The layers are grown on top of a heavily n-doped
(51018cm−3) InP (100) substrate. The active layers are grown
using Metal Organic Chemical Vapor Deposition (MOCVD).
After the epitaxial growth the waveguides are defined to obtain
the shallow waveguide cross section as depicted in Fig. 2(a). The
waveguides are all etched using an Inductively Coupled Plasma
(ICP) dry etch process. The different waveguide ridge widths are
defined in a single lithography step to ensure good alignment and
fabrication reproducibility. After etching, the waveguides are
passivated and planarized through the deposition of a Polyimide
layer. The contact and a metallization layer are applied on top
and on bottom of the structure to allow current conduction. The
photoluminescence signal of the four quantum well amplifier
is measured using a technique described in [25]. The results,
shown in Fig. 2(b), reveal that the maximum emission targeted
at 1300 nm during the design phase, was achieved during the
fabrication. A photoluminescence peak at 1290 nm with a 70 nm

wide 3-dB bandwidth is reported in the graph measured for a
3-inch wafer.

IV. ACTIVE LAYER STACK QUALITY EVALUATION

To establish the quality of the layer stack used in the fabrica-
tion of optical amplifier first the following, generally published,
parameters are determined. These results to be the transparency
current density J0, the internal quantum efficiency ηi and
the amplifier internal loss αi. It is possible to extract these
parameters, using a well-established method as published in
[26], [27], from the analysis of the output optical power as
function of the injected current density. Since these parameters
are generally independent on the geometry of the device, they
could inform us on the gain material performance of a SOA at any
operating temperature. These parameters can be used to compare
the designed device with 1300 nm amplifiers available in liter-
ature and with the simulated device predictions. To identify the
temperature dependence of these SOA parameters, it is needed
to evaluate the characteristic temperatures T0 and T1. Those can
be obtained from the analysis of the light intensity (L-I) curves
at different operating temperatures as described by [28]. Higher
characteristic temperatures T0 and T1 reflect lower temperature
dependence and this indicates that the amplifiers performance
deteriorates less at high operating temperatures. Differently
from [28], in this work we are investigating the temperature
dependence of the broad area lasers from length-independent
parameters. Thus, the analysis to extract T0 and T1 is applied
to the transparency current density Jtr and the internal quantum
efficiency ηi and not to the threshold current Jth and the external
quantum differential efficiency ηd as often reported in literature.

For this purpose, a set of Fabry-Perot lasers with uncoated
cleaved facets and different lengths between 500 and 1200 μm,
and ridge widths between 1 and 100 μm have been fabricated.
The cleaved facets leave reflections of approximately 30% at
both ends. These lasers have been characterized over a range
of operating temperatures between 20 and 80 °C. Broad area
stripes, with width of 100 μm, lasers are tested. On devices with
this wide ridge area, it is possible to approximate that all the
current that is going through the metallic contact is reaching the
active region inside the waveguide. In this way, it is possible to
neglect the effect of the ridge and measure the material property
only. Pulse current measurements, with pulse width of 10 μs
and 1% duty cycle (DC), are performed to avoid thermal effect
inside the lasers. Measurements with shorter pulse duration
reveal constant output power at current density higher than 3
kA/cm2. We believe this is since very short pulses do not leave
sufficient time to the current to flow through the contact layer into
the active region. The pulsed operation L-I measurements of the
broad area Fabry-Perot cavity lasers reveal high output powers
and high temperature of operation. In Fig. 3(a), averaged L-I
curves are shown for measurements over 10 identical devices
on the same wafer for 1300 μm long amplifiers with broad area
stripes. The current is swept between 0 and 5 A reaching up to
4.8 kA/cm2 in density. We can notice the output power from a
single facet of 1200 μm long devices at room temperature (T
= 20 °C) goes up to 1.25 W, with standard deviation of around



1532311 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022

Fig. 3. (a) Total output power per facet and (b) wall plug efficiency, for a 1200
um long and 100 um wide Fabry-Perot laser at different heat sink operating
temperatures. The measurements were performed using pulsed current with
10 µs of pulse duration and 1% duty cycle.

30 mW. Threshold current density as low as 350 A/cm2 has been
measured at room temperature. The wall plug efficiency (WPE)
exhibits a drop from 20% to 8% from room temperature to 80 °C,
as depicted in Fig. 3(b). In Fig. 3(a) it is possible to notice that
the relative change in the threshold current and in the slope of the
L-I curve is constant between 20 and 60 °C. The increase in the
threshold current is estimated around 10 mA/ °C, ranging from
400 up to 800 mA between 20 and 60 °C. When the substrate is
set to 80 °C, it is possible to note that the stimulated emission
slope is slightly lower. This can be due to the lower performance
of the active material at high heat sink temperature. Moreover,
at 80 °C we can notice some roll-over at around 4 A of injected
current, which is due to the relatively long pulse duration of
10 μs that accumulates heat in the active region.

By measuring the threshold current density of broad area
lasers of different cavity lengths, it is possible to evaluate the
material without the effect of the ridge, as function of laser
temperature of operation.

In Fig. 4(a) the fit of the threshold current density as function
of the inverse cavity length is shown. The transparency cur-
rent density is calculated as the intercept of the fit line which
corresponds to an infinitely long cavity with zero reflections
at the mirrors, as stated in [26]. The uncertainty over the Jtr
parameter is given by the covariance matrix of the fit and can
vary between 10% and 20%, depending on the temperature as
can be seen in Fig. 4(b). The observed temperature dependency

Fig. 4. (a) Threshold current density as function of inverse cavity length
and linear fit to obtain Jtr for different heat sink T. (b) Jtr as function
of temperature and measurement fit to obtain the characteristic temperature
T 0 = 75 K of broad area lasers. Legend in 3a) is also valid here.

of the transparency current density shows a mean value of 140
A/cm2 for 20 °C and around 310 A/cm2 for 80 °C. These values,
as shown in Fig. 4(b) are in accordance with those reported
in [28] for III-V broad area lasers. At higher temperature, the
statistical carrier distribution across the states of the quantum
wells becomes broader and this results in an increase in the
transparency current density due to the reduction in the differ-
ential gain [28]. From the exponential fit with equation from
[28], the characteristic temperature T0 is calculated to be 75
K, which is comparable to what found in literature for Al-based
lasers on InP substrate [29].

From the stimulated emission part of the curve above thresh-
old, it is possible to obtain the external differential efficiency
ηd. The slope is determined from the threshold current up to
1 A above threshold to avoid the range where thermal roll-over
occurs. Fig. 5(a) shows ηd as a function of the laser cavity length.
By fitting the data to the equation in [26], the internal efficiency
ηi and the scattering loss αi are extracted. The amplifier losses
are the sum of the free carrier absorption loss [11] and carrier
independent loss mechanism such as photon scattering [30] or
intervalence band absorption [10]. It is noticeable how at higher
temperature the measurement of ηd is less accurate than the
threshold current density value since the slope of the L-I curves
is evaluated at higher current levels.

This leads to higher contribution of thermal effects due to
the active region heating. In this way we have a much higher
uncertainty over the estimation of ηi and αi at higher operating
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Fig. 5. (a) External differential quantum efficiency as function of laser cavity
length (dots) and fit (line) from [26] to extract the injection efficiency ηi and the
internal loss αi at different heat sink Temperature. (b) ηi as function of heat
sink temperature and measurement fit to obtain the characteristic temperature
T 1 = 294K of broad area lasers. Legend in 3a) is also valid here.

temperatures. Internal losses are increasing with the temperature
due to the increase intervalence band absorption in the quantum
wells [31].

They are determined to vary from 5 cm−1 to 16 cm−1 in a
temperature range of 20 to 80 °C. The fitted internal efficiency as
function of temperature shown in Fig. 5(b) allows to calculate the
characteristic temperature T1 = 294 K, which identifies the tem-
perature dependence of the stimulated emission slope. T1 lies in
the reported ‘state of the art’ characteristic temperatures around
300 K for 1300 nm broad area lasers on InP substrate [29].
The measurements of Fabry-Perot broad area lasers demonstrate
that the device performance agree with the one-dimensional
simulations.

The amplifier internal losses were observed to be lower than
5 cm−1 at room temperature, as was expected from the sim-
ulation. Furthermore, the thermal dependence of the extracted
parameters is very close to what is presented in literature for InP
based amplifiers. This suggests that the requirement of being
compatible for an active-passive butt-joint integration does not
lead to major compromises in the active material performance
at low carrier density values. The broad area laser analysis has
been performed to establish whether or not the designed active
material meets the desired specification. In the following chapter
a detailed analysis of the performance of single mode ridge width
SOA, will be addressed together with a compact model to include
into laser circuits. Before that the study of Jtr as function of the

Fig. 6. Measured (blue dots) transparency current density as function of
waveguide ridge width, together with an exponential fit (red line) of e−W/Ld

where a carrier diffusion length Ld of 5µm is considered.

amplifier ridge width, shows how the ridge width affects the
SOA parameters.

V. COMPACT MODEL FOR SOA GAIN

The amplifier structure has been developed to be used in a
monolithic InP active-passive integration platform. The goal is
to obtain a compact model description of the SOA suitable for the
design of photonic integrated circuits. This is done by measuring
the modal gain g (f,N) of the SOA and analyzing the results
using a simplified analytical theory. This theory leads to a set
of parameters that can be used to describe the modal gain and a
relation between the current density and a scaled carrier density.
An analysis is then applied using the rate equation for the carrier
density to obtain a value for the scaling factor of the scaled
carrier density. The scaling of the carrier density can then be
checked by the study of the material transparency and the gain
saturation of the SOA. The measurements are compared with
the predicted behavior using the determined parameters from
the unsaturated gain analysis. It is possible to obtain important
parameters for single mode ridge amplifiers by fitting them to the
measurement results of the unsaturated gain, optical saturation,
and material transparency. The parameters representative of the
SOA performance are the transparency carrier density N0, the
passive lossα, the injection efficiency ηi and the input saturation
power Pin,sat.

In integrated photonics one want to use amplifiers and waveg-
uides that operate on a single transverse mode and can at most
have a lossy second mode [32]. It is well known that the smaller
ridge widths needed for single mode operation in the amplifier
leads to a reduction in its performance compared to broad area
lasers [26]. As an example of this performance reduction, Fig. 6
shows the measured transparency current density as function
of the ridge width. From the graph, it is noticeable how for
single mode ridge widths, the transparency current is three times
higher than for broad area stripes. This is due to the increase in
the current leakage and in the effect of non-radiative carrier
recombination [33]. Therefore, values of parameters such as the
injection efficiency determined in the previous section cannot
be used directly in the analysis of single mode ridge amplifiers.
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Fig. 7. Modal gain spectra from the fit of ASE measurements (dots) and
calculated from the parametrized model (dashed) for different injected current
densities.

A. Unsaturated Modal Gain

There are several ways the unsaturated modal gain of the op-
tical amplifier can be measured. There are methods based on the
contrast ratio of each cavity mode of the amplified spontaneous
emission (ASE) [34]. However, this method is sensitive to the
noise and to the measurement equipment resolution due to the
small light intensity at the minimum. This has led researchers to
study multiple electrodes methods. In this paper, the unsaturated
gain spectra of the 1300 nm SOA are determined by the analysis
of the ASE spectra from different amplifier lengths as described
by Thompson et al. and Pustakhod et al. [35], [36]. The mea-
surements of different amplifier stripes with different lengths are
needed to reduce the effect of the coupling loss to the chip facets
which are hard to control due to variations in the fabrication
of optical waveguides. Averaging measurements with different
SOA lengths and different coupling loss it is possible to link
the gain and the ASE power density at each wavelength λ. To
measure the unsaturated modal gain a series of shallowly etched
ridge waveguide optical amplifiers, divided into two sections of
different lengths, were processed on a single 2 × 2.5 mm2 chip
with anti-reflection (AR) coated facets. The two sections are
addressed by different electrodes and are separated by 20 μm
isolation sections where 1 μm of highest p doped top-cladding
InP is removed to ensure electrical isolation between the two
sections. One section is reversely biased to prevent any optical
feedback into the amplifier to avoid unwanted laser operations,
while the other one is being driven by current. The amplified
spontaneous emission (ASE) spectra are detected using an opti-
cal spectrum analyzer connected to a lensed single mode output
fiber. Automated alignment routines are performed to optimize
the chip to fiber coupling as described in [37]. Multiple spectra
from different amplifier lengths between 50 and 600 μm are
measured. Measuring ASE from multiple SOA lengths allows us
to identify some experimental points that deviate more than 10%
from the overall averaged values. Those measurements were
discarded in the fit, assuming that they derived from fabrication
imperfections. In Fig. 7 the modal gain spectra for current
densities between 1 and 8 kA/cm2, are shown. A 3-dB gain
bandwidth greater than 80nm is observed for a current density
of J = 5 kA/cm2, together with a gain peak of 60 cm−1. Having

Fig. 8. (a) Carrier density ratio as function of injected current. (b) Frequency
bandgap shift and (c) free carrier absorption losses as function of carrier density
ratio. The dashed lines show polynomial parametrized fit of the dots.

a wide bandwidth is of high importance in the realization of
widely tunable laser systems, since the gain spectrum at the
laser threshold is the ultimate limitation to the tuning range.

The modal gain from a quantum well based SOA can be
described using only few parameters using analytical approx-
imations for the material gain. The model used here is derived
by Balle [38]. Under the assumptions of parabolic energy bands
and temperature equal to zero, the material gain spectrum gm (f,
N) as function of carrier density N inside the amplifier can be
written as [38]:

gm (f,N) = χ

[
atan

(
f − f0 (N)

γ

)

− 2atan

(
f − f0 (N)

γ
− N

N0

)
− π

2

]
(1)

where f0(N) is the bandgap frequency which depends on the
carrier density, γ is the homogenous line width, N0 is the carrier
density at transparency at the bandgap energy and χ is a gain
scaling factor.

Hence the net modal gain gmod will be:

gmod (f,N) = Γgm (f,N)− α (N) (2)

where α(N) represents the amount of free carrier absorption
losses inside the amplifier, due to the excitations of the light
and heavy holes inside the valence band and Γ refers to the
gain confinement factor in the quantum wells. The fit of the
parameters in (1) and (2) to the experimental net modal gain
spectra with, are depicted by the dashed lines in Fig. 7(b).
Fig. 8(a), (b) and (c) show respectively the fitted values found
for the scaled carrier density ratio Nr = N/N0 as function of
injection current density, the bandgap frequency shift, and the
free carrier absorption losses as function of carrier density ratio.

The fit is obtained for all current densities with the same value
for the homogenous linewidthγ = 5.0 THz, and a scaling factor
of χ = 1050 cm−1. It is interesting to note that the values of
γ and χ are near identical to those determined for 1550 nm
quantum well amplifiers. The confinement factor of 4% for a
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single mode ridge width amplifier is calculated using PicWave
software from Photon Design.

In Fig. 8(a), the carrier density increases with the injected
current density, until it reaches its maximum at approximately 4
times the transparency carrier density value N0. This suggests
the presence of a carrier overshoot mechanisms, which arises
from the fact that more injected carriers are recombining in the
InP outside of the active region. In this way, the gain spectra re-
main constant for higher current densities. This can be improved
either by increasing the number of the well in the active region,
which will affect the SOA optical saturation, or by applying a
graded index structure in the spatial confinement heterostructure
to better confine the carriers inside the SOA active region. This
can however create issues for the active passive integration
reflection and mode overlap. Fig. 8(b) depicts the bandgap
frequency shift f0 as function of the carrier density inside the
amplifier. The bandgap follows a square-root or a cubic-root
dependence on the carrier density ratio as suggested by Tomita
et al. [39] and Kleinman et al. [40]. In Fig. 8(c) the fitted values
for the optical loss α as a function of the scaled carrier density
are presented. The linear relation between the carrier density and
losses indicates these are absorption losses due to the absorption
of light from the holes present in the active region. The values
found here are lower than those determined in 1550 nm InP
quantum well-based amplifiers [38]. This indicates the higher
efficiency of 1300 nm quantum wells amplifier with respect
to C and L-band InP amplifiers. Fitted polynomial functions,
as shown in Fig. 8(a), (b) and (c), can be used to parametrize
these three single mode ridge width amplifier properties that
will be used to model the SOA performance. Note that this
parametrization underestimates the gain at higher energies, due
to some approximations on which the model in [38] is based.

B. Amplifier Rate Equation and Carrier Density at
Transparency

The relation between the current density and the scaled carrier
density can be analyzed further to determine a value of N0. For
this purpose, the rate equation for the carrier density in an optical
amplifier can be used.

The time evolution of the carrier density inside the active
region of an optical amplifier is described by [41]:

dN

dt
= −vggmat (f,N)P +

Jwηi
qSmodeΓ

−R (N) (3)

Where the first right hand side term describes the carrier
depletion due to stimulated emission, the second one is the
pump rate, which determines the number of carriers injected
in the active region and the third one refers to possible recom-
bination mechanisms. The second right hand side term, which
corresponds to the pump rate, directly depends on the current
density J, the ridge width w and the injection efficiency ηi and it
is inversely proportional to the optical confinement Γ times the
modal area Smode. For the Smode parameter, which is dependent
on the geometry of the structure, the effective mode size [42] was
used. This was calculated to be 1.63 um2 using a commercial
mode solver MODE from Lumerical Inc.

TABLE I
COEFFICIENTS IN THE CARRIER RATE EQUATION

Assuming that the photon number inside the active region is
negligible during the modal gain measurements which implies
there is no significant carrier loss due to ASE, it is possible to
set to zero the stimulated recombination term and (3) becomes:

dN

dt
=

ηi J wr

q SmodeΓ
−AN −BN2 − CN3 −DN5.5 (4)

Where the recombination processes are expressed as a poly-
nomial function of the carrier density N. The A,B,C,D coeffi-
cients represent the probability to occur of each recombination
mechanism [43], [44]. A, B, and C are extracted from [27] and
[44], while D has been kept as a fitting parameter. At steady
state conditions, under which the measurements were done, the
carriers are at equilibrium and the rate equals zero. It is then
possible to find solutions that link the carrier density inside the
active region to the injected current density into the device. When
we compare the solution of (4) with the carrier density ratio
extracted from (1), it is possible to determine the transparency
carrier density N0, the injection efficiency ηi and the D term
that corresponds to the carrier leakage inside the amplifier due
to current drift as explained in [44]. Table I summarizes all the
values that were used to obtain the solutions of (3) and (4).

The values of ηi = 0.65 and N0 = 0.575 1018 cm−3 , are
calculated through the agreement between the two curves for
current densities between 1 and 7 kA/cm2. At higher injected
current densities, the two curves start to slightly deviate from
each other. The highest carrier dependence of the recombination
mechanisms in (4) is referring to the leakage due to the carrier
drift as explained in [31], but from the parametrization of the
unsaturated gain measurements, it is evident that the carrier
density is clamped at a maximum value of four times the carrier
density at transparency for current densities of 7 kA/cm2 and
higher. This behavior indicates that inside the SOA, the injected
carriers can easily escape from the low energy barriers and spa-
tial confinement heterostructures (SCH). This limitation comes
from a particular design choice for the active layers’ epitaxial
growth since the barriers were chosen to minimize reflections at
the active passive butt-joint integration interfaces and not as an
optimized energy barrier layer for the carriers escape.

The calculation ofN0 and ηi are verified through the measure-
ments of material transparency and optical saturation. Measure-
ments of the material transparency current density have been
performed by recording the change in voltage over the SOA



1532311 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022

Fig. 9. Transparency current density as function of input laser wavelength
(blue). Results are obtained from measurements of three different device lengths
of 300, 560, and 1100 µm. The (red) dot is the transparency current density
derived from the analysis with equation (4) of the unsaturated gain parametrized
model. An example of a detected signal (inset) is shown where both the amplitude
and the phase of the signal are detected.

induced by an external laser as function of current density. An
external laser is on/off modulated at 300 kHz and coherent light
at a particular frequency is injected into a 2 μm wide shallow
etched ridge SOA. The current bias is swept over a range that
includes the material transparency point and both the amplitude
(mV) and the phase (degrees) of the voltage change over the
amplifier are detected with the lock-in amplifier (LIA) as also
described in [45]. For lower injection currents the amplifier is
absorbing the external laser light, thus generating carriers and
increasing conductivity which reduces the voltage over the diode
structure. While for higher currents the quantum well material
starts to provide gain which reduces the carrier concentration
when the light is in the SOA, the conductivity is reduced and
the voltage over the SOA increases. The minimum value in
the amplitude of the voltage modulation corresponds to a π
phase jump which means that the voltage modulation over the
SOA is changing its electrical polarity. The current at which
this transition occurs is described as the material transparency
current at the input wavelength.

Fig. 9 shows the material transparency current density as
function of the external laser wavelength. In the inset graph a
measurement example is presented. Lower wavelengths present
higher transparency current densities as suggested by the modal
gain spectra on Fig. 7. The red dot in Fig. 9 is coming from the
N0 determination from the carrier density rate equation. J0 is
defined as the current density at transparency, which refers to
the transparency carrier density N0 at the bandgap frequency
f0(N0). The model predicts J0 = 707 A/cm2 at 1317 nm,
which agrees with the measurement of material transparency.

C. Optical Gain Saturation

When light enters the SOA with photon density P �= 0, we
need to introduce a second equation that describes the time
evolution of the photon density inside the amplifier. In an opti-
cal amplifier the rate of photons generated through stimulated

recombination can be expressed as:

dP

dt
= vg (f) gmod (f,N)P (t) , (5)

where vg is the group velocity gmod is the modal gain of (2)
and P is the photon density at a time t. In a one-dimensional
device, the signal power P in the SOA is determined from the
travelling-wave equation [46] as:

dP

dx
= gmod P. (6)

Applying a fixed current and fixed input optical power at a
single wavelength λ, it is possible to obtain the output photon
number of an amplifier as function of injected current and
length of the device. This is done by solving the system of
coupled differential (3) and (5) at the steady state condition (i.e.,
dN/dt = 0 and dP/dt= 0), using the Runge-Kutta method [47].
Thus, it is possible to determine amplification G = Pout /Pin,
for a particular photon frequency and injection current density.
The calculated gain decreases as function of input power due to
the significant increase of the carrier depletion inside the active
region. This mechanism leads to the optical gain saturation of
the SOA. The input saturation power is identified as the input
power for which the amplifier gain drops to half of its value and
it is linked to the maximum output power by Davenport [48]:

Pin,sat =
Pout,max

G0 − 2
(7)

where G0 is the unsaturated linear amplification and Pout,max

is the output saturation power. It is important to state that
the saturation power is dependent on current, wavelength and
amplifier length.

To determine the saturation input power levels and to check the
prediction of the gain saturation using the measured unsaturated
gain data and the extracted carrier density values, the optical
saturation of a series of shallowly etched ridge waveguide optical
amplifiers was measured. These were special devices where the
waveguide on the chip was divided into two sections of different
length. The two sections are addressed by different electrodes
and are separated by 20 μm electrical isolation sections where
1 μm of top cladding highly p doped InP is removed to ensure
electrical isolation between the two sections. The first section,
where the laser light enters, is operated as an SOA. The second
section is reversely biased to detect the light amplified by the
first section. A reverse bias voltage of -1V is applied to the
second section amplifier to increase the detector absorption.
Since the resistance of the isolation section is lower than 1 k Ω
, it becomes possible to extend the carrier detection area to the
isolation section. Thus, the light absorbed in the isolation section
is included in the signal measured at the detector. The reference
input power is obtained by shorting the two electrodes at the
same reverse bias Vb and extracting the amplifier photocurrent
with the LIA as function of input power from a modulated exter-
nal laser with different attenuation settings. The opportunity to
use an integrated solution for light amplification and detection
can lead to the full on-chip characterization of the amplifier
optical properties [49]. The devices were processed on a single
2 × 2.5 mm2 chip with anti-reflection (AR) coated facets.
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Fig. 10. Setup schematics and microscope image of the device under test
(DUT). Variable optical attenuator (VOA), lock-in amplifier (LIA) and optical
spectrum analyzer (OSA).

The experimental setup used to characterize the optical ampli-
fiers is shown in Fig. 10. When the first section optical amplifier
is driven with forward bias and no light is injected from an exter-
nal source, it is possible to perform automated alignment through
the maximization of the power reading from an external detector
(Agilent81636B) [37] and read the current dependent ASE from
an optical spectrum analyzer (OSA) (ANDO AQ6315A). When
we inject an on/off modulated (300kHz) TE polarized light from
a tunable laser source (Santec TSL-520) into the amplifier, the
second amplifier section is used as a detector. The first section
amplification is detected as function of input laser power, which
is controlled through a variable optical attenuator (VOA). This
is done after a polarization controller (PC), used to optimize
the polarization of the input light to TE. A LIA (Stanford
SR865A) is connected to the photodetector section to increase
the sensitivity of the measurements and avoid any effect from
the current leakage or the electrical crosstalk between the two
SOA segments. In Fig. 10, it is possible to see how the device
under test (DUT) looks like under an optical microscope, when
the two sections are probed.

The device temperature is stabilized to 20 °C with a
temperature-controlled copper mount. The optical gain satura-
tion measurements are performed to verify the evaluation of
the injection efficiency parameter ηi inside the optical amplifier
model. The first section amplifier is biased with current densities
J between 2 and 7 kA/cm2. The lower current density limit is
chosen to ensure a current density above material transparency
for every wavelength inside the 1300 nm region and the upper
limit is decided to be 7kA/c m2. The upper current density limit
has been chosen as the one that ensures matching between the
carrier density obtained from the gain parametrization with (1)
and the solution of the amplifier rate equation with (4).

Fig. 11(a) shows an example of a measurement results for a
600 μm long SOA for different currents as function of external
laser power at a particular wavelength λ = 1300&nbsp; nm.
The detector voltage as function of optical input power clearly
shows for high optical power the presence of optical gain

Fig. 11. (a) Measured signal on the detector at different current density (b)
Measured gain saturation (dotted) and predictions based on the parametrized
model (dashed). (c) saturation input power and small signal gain as function
of current density. Measurements performed on a 600 µm long SOA with laser
ligth at 1300 nm. Legend in (a) is valid in all plots.

saturation. Fig. 11(b) shows the amplifier gain as function of
the laser power in a logarithmic plot. The dashed line represents
the optical gain saturation predicted by the model. The error bars
of ± 0.5 dB in the measurement points represent the error due
to the uncertainty on the coupling loss due to variations in the
fiber to waveguide alignment, which can be between 3 and 4
dB. The deviation of the measurement curves with the model
prediction are an artifact due to the dynamic range of the LIA.
Since the LIA input range is maximized to the highest value
obtained at high input photon density, at low input power its
sensitivity is decreased and in this way it underestimates the
ratio of the output power with respect to input power. This also
explains why before saturation, the small signal gain increases
instead of slightly decreasing with the increase in optical power.
This artifact is more prominent at low injected current densities
since the optical amplification is lower. From the gain curves is
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Fig. 12. Optical gain saturation measurements (dotted) and model (dashed) at
4 kA/cm2 for different input laser wavelengths.

possible to extract the Pin,sat from [48] as in Fig. 11(c). It is
identified as the input power when the gain decreases to half of its
unsaturated value G0, i.e when any increase in the opticalinput
power does not produce any increase in the output power from
the SOA. From Fig. 11(c), it is visible how the input saturation
power decreases with current density. It varies between 2 and
0.5 mW for a 600 um long SOA. This lead to approximately 30
mW maximum output power at 1300 nm for a 600 um long SOA
with 7 kA/cm2 injected current.

In Fig. 12 the gain saturation curves are plotted as function of
wavelength for the same device length and an injected current
of 4 kA/cm2. It is shown how the highest gain is at the center
of the gain spectrum for that particular current. Moreover, for
wavelength closer to the modal gain maximum the gain is higher
but at the same time Pin,sat is lower, keeping an approximately
constant maximum optical power with wavelength for the same
current density. The optical saturation predicted by the model
(dashed line) can be used to predict the amplifier gain behavior
as function of input wavelength as well as for different SOA
lengths.

VI. CONCLUSION

In this work, we have designed, fabricated, and characterized
a new 1.3μm InGaAsP/InP semiconductor optical amplifier that
is optimize for a monolithic active/passive generic integration
technology. This SOA is compatible with a butt-joint integra-
tion scheme with low active/passive interface reflections, and it
shows high performance in terms of efficiency ( ηi = 0.82)
and temperature dependence compared to what available in
literature. The layer stack design is optimized in terms of
thickness and compressive strain of the quantum well to ensure
maximized overlap with a bulk low loss passive waveguide on
InP. Fabry-Perot laser measurements reveal output power levels
as high as 2.5 W and characteristic temperatures as good as
75 K. A self-consistent compact model for the description of
ridge width amplifier has been described and validated. The
analysis indicates a reduced free carrier absorption loss com-
pared to 1550 nm InP based SOAs, a gain bandwidth as broad
as 80 nm, limited by the carrier density, and a higher than 30
mW output saturation power from single mode ridge waveguide

amplifier 600 um long in saturation. Therefore, this building
block contributes to the development of an InP monolithic inte-
gration technology in the 1300 nm range, which can be utilized
for the development of photonic integrated circuits for data
communication and biomedical imaging and other applications.
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