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Abstract— A fully-functional photonic integrated circuit (PIC)
platform with supporting active and passive components in the
extended short- and mid-wave infrared spectral regime is of
significant research interest for next-generation optical systems.
Here we design offset quantum well-based photonic integrated
circuits which primarily consist of four section-based widely
tunable single-mode lasers emitting at 2560 nm. The platform
requires the selective removal of InGaAsSb multi-quantum wells
located above a GaSb-based optical waveguide layer and then
subsequent single blanket GaSb regrowth. Encouraging prelim-
inary experimental results on regrowth are also reported to
confirm the feasibility of the proposed PICs. The simulation
result for the tunable laser design shows that a tuning range
as wide as ∼120 nm is possible. The quasi-theoretical work
performed here is an initial step towards demonstrating complex
non-telecommunication PICs which could offer a comprehensive
range of photonic functionalities.

Index Terms— Photonic integrated circuit, GaSb, S-MWIR,
phase tuner, sampled-grating.

I. INTRODUCTION

RECENTLY, extended short- and mid-wave infrared
(S-MWIR) spectral regimes have gained considerable

attention to enable a whole range of emerging applica-
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tions including biochemical sensing [1], [2], quantum sens-
ing [3], industrial process control [4], and non-invasive med-
ical diagnostics [5], [6]. The S-MWIR wavelength regime
is important because it contains a number of spectral fea-
tures such as strong overtones and a combination of molec-
ular absorption bands in gas- and liquid-phase molecules
for sensing applications [7], [8]. S-MWIR devices operat-
ing especially at the molecular fingerprint region, 2 µm
< λ < 6 µm result in unprecedented sensitivity and
selectivity when it comes to photonic sensors [9], [10].
This eye-safe spectral regime also has an atmospheric trans-
mission window, which makes it suitable for light detec-
tion and ranging (LiDAR) or free-space communication
applications [11].

Considering all these real-world applications, several dis-
crete active [12] and passive [13], [14] photonic devices oper-
ating at the S-MWIR wavelength regime have been developed
for years. However, little progress has been made in the devel-
opment of PIC-compatible S-MWIR active devices, including
broadband and continuously tunable lasers, and semiconductor
optical amplifiers (SOAs), as well as their on-chip monolithic
integration with passive devices. Highly-integrated S-MWIR
PICs will not only provide low-size, -weight, -power and -cost
(SWaP-C) advantages but also bring transformative changes to
on-chip sensing applications.

For spectroscopy, conventional type-I diode lasers emit-
ting at 2.2-3.4 µm [15], [16], [17] and interband cascade
lasers (ICLs) at 3-6 µm [12], [18], [19], [20], [21] offer
compelling SWaP-C reduction advantages over quantum cas-
cade lasers (QCLs) that are a more mature technology for
wavelengths λ ≥ 4.5 µm [22], [23]. In particular, type-I
or ICLs in the S-MWIR regime consume nearly an order
of magnitude less power than the power-hungry QCLs [24].
This is highly advantageous in handheld, battery-operated
and even solar-powered photonic subsystems based on type-I
lasers or ICLs. While QCLs can produce higher maximum
output powers, this does not pose a problem for photonic
sensors or spectrometers because typical type-I or ICL out-
puts on the order of mW are adequate for most absorption
spectroscopy applications. Importantly, one key component
of a PIC is an SOA, suggesting that the power output of
a single laser is not necessarily the maximum output of
the PIC.
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From the material perspective, even though gallium anti-
monide (GaSb) and its alloys are relatively less mature, they
comprise the optimal material system for integrating 2.2-6 µm
lasers on PICs. This contrasts with standard and mature
material platforms such as InP, which experience a significant
performance droop for gain chips at wavelengths ≥1.7 µm.
Although there are a few reports on InP-based lasers emitting
up to 2.4 µm [25], [26], highly-strained type-I quantum wells
as a gain medium were utilized in these studies. Hence, InP
and its alloys are less attractive due to such material limitations
for making high-performance PICs at the specified wavelength
regime.

Widely-tunable lasers based on surface gratings are one of
the basic and critical active components in realizing fully-
functional PICs. Despite significant technological achieve-
ments in monolithic InP PICs with sampled-grating distributed
Bragg reflector (SG-DBR)- [27] and ring resonator- [28] lasers
at 1.55 µm over the past few decades, such a platform in
the S-MWIR regime has not yet reached its full potential.
A framework and clear roadmap for developing monolithic
GaSb PICs using an ICL material system for the wavelength
range of 3-6 µm has recently been reported [29]. Among
basic optical passive components at S-MWIR, low-loss optical
waveguides [13], [30], fiber-to-chip grating couplers [13], ring
resonators [31], wavelength demultiplexers based on arrayed
waveguide grating [14], [32] were developed using silicon-
on-insulator (SOI) wafers that are transparent up to a wave-
length of 4 µm [33]. There are also few demonstrations on
heterogeneously integrated InP gain materials on silicon PICs
reported around 2.3 µm wavelengths [34], [35], [36]. Recently,
PICs have been demonstrated using heterogeneous integra-
tion of GaSb-active devices with SOI passive components.
In particular, S-MWIR ICLs using GaSb were integrated on
SOI through heterogeneous integration [37], [38], [39], [40].
Hybrid integration is another promising route, and GaSb/SOI
hybrid tunable lasers with emission wavelengths up to 2.7 µm
were reported [41]. Though a monolithic platform offers more
flexibility and compactness, heterogenous- and hybrid- inte-
gration platforms provide several advantages, including low-
loss waveguides, high-performance passives, high-coupling
efficiency, and low-cost wafer-scale assembly.

By employing an InGaAsSb/AlGaAsSb/GaSb material and
necessary processing steps, as well as by leveraging the
technological advancement in the GaSb material system,
developing S-MWIR PICs technology is possible. This paper
will primarily discuss about the design of GaSb-based widely-
tunable lasers by monolithically integrating functional com-
ponents on the same substrate in order to have the greatest
impact. SG-DBR lasers are four-section devices with four
separate electrodes for controlling a gain section, a phase tuner
and two mirrors which are connected by waveguides – yielding
a small version of complete PICs. This will pave the way
for implementing complex PICs which will simultaneously
improve performance and efficiency as well as help meet low
SWaP-C constraints for next-generation S-MWIR photonic
technologies.

Fig. 1. Schematic cross-sectional view of an offset quantum-well SG-DBR
laser cavity with an emission wavelength of 2.6 µm. The transverse-mode
intensity profile is also schematically shown in the laser structure (not drawn
to scale).

II. ACTIVE-PASSIVE INTEGRATION PLATFORM

Processing on the native III-V chip rather than silicon is
generally more straightforward and less expensive, and likely
to produce a higher yield. Several commonly used active-
passive integration platforms include offset quantum well
(OQW) [42], [43] and quantum well intermixing (QWI) [44]
in monolithic designs, and vertical taper coupling in het-
erogenous designs [45]. In this study, the monolithic OQW
integration platform was considered, which requires a rela-
tively simple process. A schematic cross-sectional view of
the active/passive interface within the GaSb-based SG-DBR
laser is illustrated in Fig. 1. The SG-DBR lasers provide a
tunable component limited to ∼6% of the center wavelength
in order to obtain a good side-mode suppression ratio using
a simple cavity geometry. SG-DBR lasers are four-section
devices with four separate electrodes for controlling gain
section, phase modulator and two mirrors which are con-
nected by waveguides – yielding a small version of complex
PICs. Electrical isolation between the sections of the PICs
can be achieved either by spatially-defined etched trenches
or high-resistance ion implanted regions. Ion implantation
on antimonides has recently been pursued and promising
preliminary results were achieved [46], [47]. Key challenges
for the successful demonstration of S-MWIR PICs include
sufficient cleaning of the sample surface after patterning of
the base structure, the subsequent regrowth of defect-free
top cladding layers, lack of selective wet and dry etching
processes, immature PIC-enabling technologies, and the fast
oxidation of GaSb.

III. WAVEGUIDE STRUCTURES

A lateral waveguide architecture usually has a great impact
on the design of PICs. There are four most commonly
used waveguide structures including buried rib, surface ridge,
buried channel, and deeply-etched ridge waveguides. All of
these can be formed with a single blanket regrowth of
semiconductor cladding, which does not involve any foreign
masking material on the wafer surface to define epitaxial
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regrowth dynamics. Among these, the surface ridge waveg-
uide has a good current confinement, and lower loss for
single-mode waveguides, which makes it uniquely suitable for
lasers [48]. Hence, the surface ridge waveguide was used in the
design.

IV. WIDELY TUNABLE LASERS

A. Device Structure

A base structure, containing the lower cladding, the optical
waveguide and the multiple-quantum-well (MQW) layers,
is required to be grown first. This allows for the selective etch-
ing removal of the MQW in regions where gain is not required,
leaving a non-absorbing waveguide. Then, after removing the
MQWs from regions where passive waveguides are desired,
a second ‘regrowth’ is essential to apply the top cladding
and the top contact in all regions. An unpatterned cladding
regrowth is often performed with only a small or negligible
height change between the active and passive regions [49]. For
SG-DBR lasers at this long emission wavelength, the right top
and bottom cladding materials with the right thickness and
correct bandgap are used so that the optical mode decays fast
and the highly-doped, narrower-bandgap top p-contact layer
and the bottom substrate do not see the fundamental transverse
mode.

In the OQW platform, the MQW active region is deliber-
ately placed on top of the waveguide. In this configuration, the
optical mode overlap with the QWs is not as high as possible
and by definition, the same is true of the modal gain. However,
as mentioned above, this greatly facilitates the active/passive
fabrication process. The goal is to maintain sufficient optical
mode overlap with QWs while reducing the overlap with the
substrate and highly doped contact layer. To characterize our
active and passive sections, a two-dimensional finite differ-
ence Eigenmode solver from Ansys Lumerical MODE [50]
was used to perform simulations on a cross section of the
waveguides. Ansys’ built-in confinement calculator was used
to compute the optical confinement factors of each layer of
the waveguides as listed in Table I.

Fig. 2 (top) shows the 1D and 2D intensity distribution of
the fundamental transverse mode in 2.6 µm OQW SG-DBR
laser structures. Despite a lower refractive index of the waveg-
uide layer compared to the QWs, the mode overlap with the
450-nm-thick waveguide layer is substantial. This is because
of the thin QWs (total 70 nm) in the active region that only
add a small perturbation to the optical mode. The intensity
distribution together with the refractive index profile is also
shown. The optical confinement factor 0 of a semiconductor
laser is of utmost importance. An increase in the confinement
factor of the active QWs yields an increase in the modal
gain. For low-loss optical waveguides, it is also important to
simulate the transverse mode for the passive region with the
MQW region removed. Fig. 2 (bottom) shows the 1D and 2D
intensity distribution of the fundamental transverse mode in
the passive region of the 2.6 µm laser structures. The intensity
distribution together with the refractive index profile is also
shown here. Table I lists the 0 values for several sections in
the active and passive regions.

Fig. 2. Cross section of a 2.6 µm OQW SG-DBR laser structure in the active
(top) and passive (bottom) regions along with 2D surface plot of the light
intensity of the fundamental transverse mode, where the waveguide effective
refractive index neff = 3.61, 1D intensity distribution of the fundamental
TE-mode in the waveguide, and refractive index profile and mode intensity
distribution.

B. Growth Technology

The two most popular methods available for epitaxial
growth of the GaSb-based laser structures are molecular beam
epitaxy (MBE) and metalorganic chemical vapor deposition
(MOCVD). Although MOCVD is generally preferred for com-
mercialization purposes, progress made to antimonide-growth
has been greatly hindered due to technical challenges such
as non-ideal growth conditions imposed by competing needs
of typical III-Sb processes (i.e. low growth temperature) and
typical precursors (i.e. inefficient pyrolysis at low tempera-
tures). Therefore, MBE is still considered to be the preferred
technology for the growth of GaSb and its alloys. GaSb as
grown by MBE is known to be natively p-type due to the
high number of GaSb antisite defects. In the active part, the
GaSb waveguide layer has to be weakly n-doped so that it
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TABLE I
CONFINEMENT FACTORS IN ACTIVE AND PASSIVE SECTIONS OF THE

WAVEGUIDE

can conduct electrons to the MQW region. In the passive
part, depletion regions of a p-n junction should be roughly
in the middle of the structure. Placement of the p-n junction
within the structure is important because it ensures good
carrier injection into this lower bandgap waveguide region for
good tuning. Considering this, it is important to weakly dope
about half of the GaSb layer to be n-type in order to actually
compensate the intrinsic disorders of GaSb.

C. Tuning Range

The spectral gain bandwidth of S-MWIR lasers in the
literature as well as extrapolations of the tuning ranges of
SG-DBR lasers at 1.55 µm were undertaken. From the liter-
ature, tuning range values of such lasers were estimated from
the experimentally measured amplified spontaneous emission
spectra of the processed Fabry Pérot lasers [51], [52], [53].
In fact, the net modal gain spectra of the device active regions
for the wavelength range of 2.2-2.5 µm were measured as a
function of the excitation current in these experimental studies.
Although these measured GaInAsSb gain curves are more
realistic, they perhaps yield conservative estimates. In this
study, the tuning range of SG-DBR lasers 1λ was estimated
from the full width at half maximum (FWHM) of the gain
material. Figure 3 shows the gain bandwidth values obtained
from the literature as a function of emission wavelengths.
We also considered the relative bandwidth 1λ/λ with respect
to the central wavelength that provides a convenient measure
of the tuning range. Given the dependence on the central
wavelength, the laser’s tuning range scales with the center
wavelength that the device emits at. Simple scaling of the
best result from InP-based SG-DBR at 1.55 µm is probably
optimistic, because optimized devices with tuning ranges as
high as 72 nm were reported [27]. Considering this simple
scaling, we estimated a highest tuning range scaled to the
2.56 µm spectral regime.

1λ@2.56µm = 72 nm ×
2.56 µm
1.55 µm

(1)

Hence, the tuning range is conservatively estimated to be
120 nm. The linear scaling is valid for the SG-DBR if
the waveguide dispersion is similar. That is, the frequency
response of the SG-DBR is linearly related to the Fourier
transform of the spatial grating pattern and this scales inversely
with grating bursts. Considering the group refractive index
of the antimonide waveguide, the laser tuning range defined
by FWHM envelope bandwidth (λenv) of mirrors was also

Fig. 3. Spectral gain bandwidth as a function of wavelength, where theoretical
gain bandwidth values based on simple-scaling from 1.55 µm (red circles),
and experimentally measured values (blue hexagons) were collected from the
literature.

calculated, which is in agreement with the value calculated
by the linear scaling.

1λenv =
λ2

2ng Z1
= 119 nm @ 2.56 µm

where Z1 is the grating burst length, and ng group index.
In addition, a large tuning range in such devices requires a
sufficient spectral gain bandwidth from the active region.

D. Waveguide Design

1) Thickness: The thickness of the transverse waveguide
layer plays an important role on the device performance
in OQW SG-DBR lasers. Thanks to the 2.56 µm design,
this uses binary GaSb material as a waveguide layer. The
goal is to maximize the optical mode overlap with the QWs
and minimize the overlap with the substrate and contacts by
optimizing the thickness and by choosing the right material.
In the OQW-based design, there is a trade-off between the
QW overlap and the tuning efficiency in the waveguide layer.
Using a thicker waveguide layer will increase the amount of
index tuning that can be achieved. However, this will reduce
the QW overlap and lower the available modal gain as can
be seen in the left portion of Fig. 4(a). Increasing the number
of QWs to compensate for the reduced overlap will increase
the threshold current as well as the coupling loss between the
active and passive sections due to the mode mismatch.

For the passive section, the dependence of the mode overlap
with the waveguide and the doped substrate on the waveguide
thickness is shown in the right portion of Fig. 4(b). As can
be seen, with a 450-nm-thick waveguide layer, our design
provides good optical mode overlap in the active and passive
regions. Therefore, a thickness of 450 nm is chosen in this
study. It should be noted that the overlap of the transverse
mode with the thickness of 450-nm for the waveguide is
calculated to be 55.3%. At this point, one can introduce the
transverse confinement factor 0y,waveguidefor the waveguide,
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Fig. 4. Optical mode overlap as a function of waveguide thickness for offset
quantum well. (a) Active region, and (b) passive region—MQW removed.

which can be written as [54].

0y,waveguide =
V 2

t

2 + V 2
t

(2)

where Vt is a dimensionless normalized frequency parameter
for the transverse direction. Using the fundamental single-
mode condition for V = 3.14, 0y,waveguide = 83%. Hence,
this thickness results in a single-mode waveguide and provides
a safety margin from appearing the next higher order mode.
However, we need to make sure 0y,QWs does not get too small.

2) Width: Knowing the waveguide and cladding refractive
indices, it is possible to apply single fundamental mode
condition to find the maximum width of the waveguide. Again,
lateral normalized frequency parameter Vl can be represented
by the following relation [54].

Vl =
2π

λ
w

√
n2

eff,wg − n2
eff,cl (3)

where λ is the lasing wavelength, w the waveguide width,
neff,wg and neff,cl the effective refractive indices of the surface
ridge waveguide and the -etched region, respectively. Using the
single-mode condition Vl < π , neff,wg = 3.57, neff,cl = 3.5 and
assuming no optical loss, the maximum width of a surface
ridge waveguide can be calculated to be ∼1.9 µm. That means,
SG-DBR lasers at 2.56 µm with w ≥ 1.9 µm are supposed
to support multiple transverse modes. But experimentally,
devices with larger widths (compared to the values estimated
here) are observed to emit a single fundamental mode [55].
Especially, one usually ignores the first higher-order odd mode
in a laser cavity because it receives very low gain due to a null

TABLE II
DESIGN PARAMETERS FOR ∼2.6 µM SG-DBR MIRROR

in the center of the waveguide. Instead, one really focuses on
the first higher-order even mode as the one that receives gain.
Hence, the modified single-mode condition in lasers is V =

2π , yielding the maximum allowable width to be ∼3.8 µm
at 2.56 µm. Moreover, single-mode lasers may have a lateral
waveguide width that supports multiple modes but only the
fundamental mode lases. The reason behind this is mode-
selective loss and gain in the cavity. In other words, the net
losses for the higher order modes are higher, and the net gain
for the fundamental mode is higher, and thus single lateral
mode operation is preferred.

In summary, for a surface-ridge waveguide, single-mode
operation can be expected with a ∼4-5 µm waveguide width,
but for a deep-ridge waveguide, due to the high confinement,
the ridge should be somewhat narrower, < 3 µm, at this
wavelength.

E. Mirror Design

The design of the sampled-grating mirrors is critical for the
SG-DBR laser operation. To this end, the design criteria of the
SG-DBR mirrors that employs the Vernier effect between front
and back mirrors to achieve wide tuning will be reviewed.
To determine the mirror characteristics, it is very important
to have the dispersion data of grating mirror materials. For
2.6 µm SG-DBR lasers, the sampled-grating mirror consists
of a corrugation between the n-GaSb waveguide and the
p-AlGaAsSb cladding. In addition, having knowledge of the
group refractive index of the waveguide material, i.e. GaSb
in this case is also very important in order to determine
the physical parameters involved in SG-DBR mirror design.
The wavelength-dependent refractive indices of the mirror
materials as well as the group refractive index of GaSb are
also used for the design. There are physical parameters, listed
in Table II, that determine the reflectivity spectrum of the
SG-DBR mirror. The comb-like spectrum is shown in Fig. 5.

The physical parameters are the length of the sampling
period Z0, the burst length Z1, the number of periods N,
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Fig. 5. (a) Schematic of the SG-DBR laser structure along with the definition
of the sampled grating mirror. To boost the optical power and for PIC testing,
monolithically integrated SOAs after the tunable laser are also shown, and
(b) calculated front and back SG-DBR mirror spectra.

grating-coupling coefficient κ and the grating etch depth D.
Table II lists parameters of an example design for an SG-DBR
laser at 2.6 µm. It uses numerical values of the gain material
taken from [56]. Various other parameters were iterated until
a reasonable design was achieved. However, further design
effort will be necessary before a final design is complete.

F. Active Region Design

In an SG-DBR or other DBR structures, it is desired
to first only grow up through MQW layers, remove these
regions where passive waveguides, gratings, or other passive
components are desired, and then finally complete the PIC
by re-growing top cladding over all regions. To success-
fully accomplish all these GaSb-PIC technology development-
related tasks, we chose a wavelength of around 2.6 µm.
Reasons of choosing this wavelength include knowledge
availability of experimentally-proven InGaAsSb-based type-I
multi-quantum well active regions, less technical difficulty of
growing an active region, ease of getting a good QW/barrier
interface and subsequent blanket MBE regrowth on Al-free
surfaces. All these can be ensured by the well-studied
InGaAsSb/GaSb active region-based lasers emitting around
2.6 µm with a record-low threshold current density at infinite
lengths [56], [57], [58].

Some of the key data from the prior published work of
S. Arafin on a similar quantum well gain region [56] are
utilized here to obtain numerical values for the projected
threshold gain and current levels. As shown in Fig. 6, the active

Fig. 6. Schematic band diagram of the active region used in broad-area FP
laser and then SG-DBR lasers.

TABLE III
DETAILS OF THE ACTIVE REGION

region consists of seven QWs embedded in a GaSb separate
confinement waveguide. The QWs are compressively strained
and 10 nm thick and they are interfaced with lattice-matched
8 nm thick binary GaSb barriers. The outer parts of the QWs
are also surrounded by undoped GaSb barriers. A 30-nm-thick
n-doped Al0.15GaAs0.02Sb layer is included as a hole barrier
on the n-side to prevent hole leakage from the valence band
of the QWs. Details of the active region are listed in Table III.
Since there is not so much valence band offset, it is important
to make the layer doped deliberately to keep most of the band
offset in the valence band. Diagnostic laser structures were
grown, and broad-area lasers were fabricated to de-embed
numerous important material and device parameters. The test
broad-area lasers exhibited near state-of-the art threshold-
current densities, as well as injection efficiencies, waveguide
losses, and gain parameters, in-line with some of the reported
numbers [56], [57], [58].

Gain constant (go) for the active region material and trans-
parency current density Jtr are two important laser parameters
which were determined experimentally from vertical-cavity
surface emitting lasers with the same active region [56]. The
gain and current density can be related by [54]

gth = g0 ln
(

ηi Jth

NQW Jtr

)
(4)

where gth, Jth, and Jtr are threshold gain required to reach at
threshold, threshold current density and transparency current
density, respectively. Considering the threshold material gain
gth = 1000 cm−1 and calculated longitudinal confinement
factor 0z = 7.6%, we calculate modal threshold gain 76 cm−1.
Table IV lists the parameters of an example design for an
SG-DBR laser at 2.56 µm.
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TABLE IV
2.6 µM SG-DBR DEVICE PARAMETER SPECIFICATION

G. Phase Tuner Design

The phase tuner section of GaSb-based tunable lasers
exploit the carrier injection based free-carrier plasma effect.
This changes refractive index that eventually changes the
phase of incoming optical waves as well as makes a blueshift
of resonant wavelengths. Under current injection with the
injection efficiency ηi = 0.6 and tuning current It = 5 mA
into the passive region provide a carrier density N calculated
by Eqn. (5).

N =

√
ηi It

qVt B
(5)

where Vt denotes the volume of the tuning region, the
bimolecular recombination constant of GaSb B = 1.2 ×

10−10 cm3/sec. Considering the passive waveguide region with
450 nm thickness, 4 µm width and 80 µm length, the carrier
density is calculated to be 1.2 × 1018 cm−3. Taking λ =

2560 nm, speed of light in free-space c = 3 × 108 m/sec
nGaSb = 3.85, the effective masses of electron me = 0.041∗m0,
and holes mh = 0.4∗m0, transverse confinement factor for the
waveguide region 0wg = 0.55, the mobilities of electrons and
holes µe = 3000 cm2/V-sec and µh = 1000 cm2/V-sec, ε0 is
the permittivity of free-space, ambipolar injection of N = P =

1.2 × 1018 cm−3, an index change 1n = −0.025 and an
optical loss αPl = 4.2 cm−1 are obtained

1n = −0wg
q2λ2

8π2c2nε0

(
1

m∗
e

+
1

m∗

h

)
N (6)

αpl = −0wg
q3λ2

4π2c3nε0

(
1

m∗2
e µe

+
1

m∗

h
2µh

)
N (7)

Hence, a passive waveguide section of length Lp with an
electronically controllable effective refractive index serves as
the basic tuning element to perform the shift of the resonance
wavelength. As the (single-pass) phase shift of this element
18 = 2π /λ∗1n∗Lp is proportional to the product of effec-
tive refractive index and length, it is important for a strong
tuning effect to extend this element over a major part of the
laser cavity. Considering Lp = 51 µm, λ = 2560 nm and
1n = −0.025, a phase shift of π radians can be achieved.
In addition to the magnitude of the index change, optical
absorption losses should also be considered in the design of
phase tuners.

H. Regrowth

To confirm the feasibility of the design of S-MWIR PICs,
active/passive regions were defined on the MBE-grown base

Fig. 7. (a) Schematic cross-sectional view of offset quantum-well epitaxial
structure – active (left), passive (right) regions with the regrown epilayers
on top. 5 µm × 5 µm AFM images of the (b) active (with MQWs) and
(c) passive areas (etched MQWs) after MBE regrowth.

epitaxial structure shown in Fig. 7. Passive regions were
formed by selectively removing the multiple-QW active region
from the base structure. Low-temperature-based (450◦C) in
situ atomic hydrogen cleaning was employed for deoxidiz-
ing the growth surface after selectively removing the MQW
region. The etch details can be found elsewhere [59]. Blan-
ket MBE regrowth was then performed by the deposition
of a thick quaternary cladding layer on Al-free surfaces.
Figs. 7(b) and (c) show the AFM images of the surface mor-
phology of both active and passive regions. Atomic steps were
observed after MBE regrowth in both active and passive areas
with and without MQWs, respectively. The film exhibits sur-
face morphology with a root-mean-square (RMS) roughness
value of <0.3 nm, as shown in Figs. 7(b)-(c). Although the
surface morphology shows coalescing mound-like structures
in our first attempt, a flatter, terraced surface is desired, which
will be investigated in our future studies.

V. CONCLUSION AND OUTLOOK

This study aims to transition this mature laser tuning tech-
nology to the S-MWIR by developing a GaSb PIC technology
with InGaAsSb/AlGaAsSb/GaSb gain material. We have pro-
posed GaSb-based widely-tunable laser diode which consists
of an offset QW-based structure integrated with an SG-DBR
monolithically. This paper focuses on developing a high-
performance PIC technology for, in particular, around 2.6 µm
wavelengths using type-I diode lasers, although many of the
same advances will later be applicable to the 2.2-3.4 µm wave-
length region using type-I and ICLs operating at 3-6 µm. The
presented concepts and encouraging materials growth results
pave the way for the realization of transmitter PICs covering
a large SWIR wavelength range using GaSb-technology.

Beyond classical photonics, on-chip lasers in S-MWIR will
also expand the range of quantum states of light generation
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significantly. In an interaction-free imaging technique [60],
a pair of entangled photons in telecom and MWIR are gener-
ated through nonlinear optical interactions. The MWIR photon
of the pair interacts with samples while its partner telecom
photon is detected by well-established and high efficiency
single-photon detectors in telecom wavelength. Due to the phe-
nomenon of entanglement, the non-interacted telecom photon
provides information about the sample which interacted with
the non-detected MWIR photon. An S-MWIR and tunable
laser will allow generation of the pairs in higher MWIR wave-
lengths (limited by the material transparency), thus covering a
wider sensing range [61]. The integration of this laser on-chip
will allow phase stable, complex and portable version of such
techniques.
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