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ABSTRACT

This Letter reports polarization-independent optical amplification over an ultrabroad spectral range by semiconductor optical amplifiers.
The technique uses an InGaAs-based indium-rich cluster (IRC) quantum-confined structure as the active medium and obtains comparable
optical gain for both transverse electric (TE) and transverse magnetic (TM) polarization modes in the spectral ranges of 905–1005
and 905–970 nm, respectively. The device thus provides independent optical amplification for TE and TM polarizations over a common
bandwidth of 65 nm. The difference between the amplified intensities of TE and TM modes is <0.5 dB. These results are attributed to the
special emission mechanism of the IRC quantum-confined structure, which differs from that of conventional quantum wells or quantum
dots. A preliminary analysis of this mechanism is provided.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008799

Semiconductor optical amplifiers (SOAs) play important roles in
numerous applications, such as optical communication, optical signal
processing, and pumping for high-power fiber lasers.1–5 However, the
narrow gain bandwidth and the polarization dependence of conven-
tional quantum well or quantum dot SOAs restrict the application of
SOAs. The narrow gain bandwidth is an inherent feature of conven-
tional quantum wells and quantum dots, and the polarization depen-
dence is generally due to the large gain difference between transverse
electric (TE) and transverse magnetic (TM) polarization modes gener-
ated in strained quantum well and quantum dot devices. These features
prevent SOA devices from being used for polarization-independent
optical amplification of TE and TMmodes.

Several methods have been proposed to overcome these problems
and develop polarization-independent optical amplification over a
broad spectral range from a quantum-confined device. For example,
to obtain comparable TE and TM gain from quantum-well devices,
some groups have constructed alternate active layers with compres-
sive- and tensile-strained wells in a singlechip.6–9 Others have com-
bined compressively strained wells with tensile-strained barriers10–12

or with a tensile-strained quaternary active layer.13 In addition to

developing various quantum-well structures for SOAs, quantum-dot
SOA devices have been investigated. For these devices, columnar
quantum dots surrounded by strained side barriers were developed,
which led to polarization-independent TE and TM gain in the 1.5lm
band.14,15 Although these efforts led to polarization-independent opti-
cal amplification from quantum-well and quantum-dot structures, the
amplification bandwidth remains very limited.

Recently, we investigated the indium-rich cluster (IRC) effect
in InGaAs/GaAs materials and found that it led to a different
quantum confinement structure, which produced very interesting
emission characteristics. For example, multiple peaks appeared in
the gain spectrum from these devices, which allowed for dual-
wavelengths lasing. This phenomenon is attributed to a modifica-
tion of the carrier recombination competition that occurs in a
conventional quantum well. The phenomenon is associated with
the formation of IRCs that lead to multiple InGaAs regions with
varying indium content within the gain medium.16 Furthermore,
comparable TE and TM gain from a single IRC quantum-confined
device is possible, which means that polarization-independent
optical amplification may be possible.
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This Letter reports the use of an InGaAs-based IRC quantum-
confined structure as gain medium to realize polarization-independent
optical amplification over a broad spectral range. Unlike dual-
wavelength lasing, the mechanism for achieving this goal is associated
with hybrid strain and special energy bands that form within the mate-
rial due to IRCs.

The approach replaces conventional quantum wells or quantum
dots with an InGaAs-based IRC quantum-confined structure as gain
medium. Because IRCs generally occur in highly strained InGaAs/
GaAs systems, the active layer uses In0.17Ga0.83As/GaAs/GaAsP0.08, in
which the InGaAs layer is 10 nm thick. Investigations of IRCs have
shown that the indium atoms migrate along the InGaAs growth direc-
tion to relax the high strain caused by the large lattice mismatch within
the InGaAs/GaAs material. When more than a few monolayers of
InGaAs are deposited on the GaAs, this process leads to a high con-
centration of island-like accumulations of indium atoms or InAs clus-
ters on the surface of the InGaAs layer.17–19 In the In0.17Ga0.83As/
GaAs/GaAsP0.08 system, the 2-nm-thick GaAs layer embedded
between the In0.17Ga0.83As layer and the 8-nm-thick GaAsP0.08 barrier
serves to reduce the strain.

This structure was grown with a V/III ratio of 40. The sample
was deposited at 0.75lm/h under a pressure of 100 mbar and a tem-
perature of 660 �C. The high temperature increases the migration
length of the indium atoms to allow for the formation of IRCs.20

Figure 1(a) shows the sample composition, which is similar to the
structure described in Ref. 16 and ensures the formation of IRCs. The
epitaxial sample structure was grown by using metal-organic chemical
vapor deposition on a GaAs (001) substrate.

Figure 1(b) shows an image of the clusters obtained by using
atomic force microscopy (AFM) (Park Systems Instrument Co., Ltd.,
model XE100). Given that the design and growth of the sample satisfy
the conditions for forming IRCs, the clusters imaged by AFM are iden-
tified as IRCs. Based on the AFM images, the cluster size ranges from
20 to 200nm in width and from 2 to 8nm in height.

During the growth of the material, the indium atom migration
reduces the indium content in the In0.17Ga0.83As regions, so the origi-
nal active layer of In0.17Ga0.83As material develops numerous smaller
InxGa1�xAs regions of varying size and indium content (x� 0.17).
The differing indium content and lattice mismatch in these
InxGa1�xAs regions produce anisotropic strain, which is the mecha-
nism by which comparable TE and TM gain is obtained over a broad
spectral range for polarization-independent optical amplification.

To measure TE and TM gain, the sample was processed to obtain
a 0.5mm� 0.5mm edge-emitting configuration. One end was coated
to give a transmittance of T¼ 99.99% and the other end was left
uncoated. Optical injection was achieved by irradiating the top surface
of the SOA with a 20-ms-pulsed 808nm laser, and the amplified pho-
toluminescence (APL) spectrum from each end of the sample was
recorded [see Fig. 2(a)]. The optically injected carrier density was
4.8� 1017 cm�3 at a pump power of 16.5W. The carrier density was
calculated from the pump power by using21

N ¼ gabsPp
hvNwLwAp

s Nð Þ; (1)

where gabs is the absorption efficiency of the pump, h� is the pump
photon energy, Pp is the pump power, and s is the carrier lifetime,
which is related to the monomolecular, bimolecular, and Auger

recombination coefficients in the medium. The details of these coeffi-
cients can be obtained from Ref. 21 for InGaAs. Finally, Ap is the area
of the optical injection, and Nw and Lw are the number and thickness,
respectively, of the quantum-confined layers in the gain medium.

Figure 2(b) shows the results, where the dual peaks appear clearly
in each APL spectrum. This phenomenon differs from the single-peak
emission spectrum generated by a conventional quantum well and is
attributed to all emissions from multiple InxGa1�xAs regions with
varying indium content or band gaps and the presence of InAs clusters
possible on the InGaAs surface due to IRCs. Based on bandgap and
carrier-recombination calculations, the weaker peak at 930nm corre-
sponds exactly to emission from InxGa1�xAs with a fractional indium
content x¼ 0.12. These results indicate that the IRCs remove indium
from In0.17Ga0.83As, thereby forming multiple InGaAs regions, includ-
ing at least In0.17Ga0.83As and In0.12Ga0.88As.

We now discuss the contribution of IRCs to the APL spectrum.
Based on the principle of the IRC formation and on published
results,17–19 the IRCs on the InGaAs surface may be composed of
indium atoms, InAs clusters, or both. If IRCs contain only indium
atoms, they would not contribute to the emission in 900–1000nm
range. However, if the clusters involve 20–200nm InAs features, as

FIG. 1. (a) Layout of InGaAs-based IRC quantum-confined structure. (b) AFM
image of IRCs on InGaAs surface.
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stated above, they can be considered as InAs quantum dots. Such a
scenario would allow IRCs to contribute to the emission spectrum in
Fig. 2(b) because InAs/GaAs quantum dots can emit from 900 to
1500nm, depending on their size. Further investigation is required to
determine the detailed composition of IRCs and characterize their
emission. In the present work, we focus on polarization-independent
optical amplification by TE and TM gain.

The modal gain was determined by recording APL spectra from
each end of the edge-emitting device and calculating the gain as
follows:22

G ¼ 1
L
ln

1� Rð ÞIAPL1 � IAPL2
RIAPL2

; (2)

where IAPL1 and IAPL2 are the measured APL intensities from
the coated and uncoated ends of the sample, respectively, L is the
single-pass distance traveled by light transmitted through the
device, and R is the reflectivity of the InGaAs material, which was
calculated to be approximately 30% based on the optical parame-
ters of the material.

Figure 3(a) shows the measured gain. For the given injected-
carrier densities, the TE- and TM-mode gain is comparable over a
broad spectral range of roughly 65 nm, which offers the possibility of
achieving optical amplification independent of polarization. The
mechanism that produces these results differs from the mechanism at
work in conventional quantum wells or quantum dots and is associ-
ated with a complex energy-band structure caused by the compressive
and tensile strains within the active layer.

To compare with the gain characteristics of a conventional quan-
tum well, we calculate the TE and TM gain of a conventional 10-nm-
thick In0.17Ga0.83As/GaAs compressively strained quantum well with a
similar injected-carrier density. The result is shown in Fig. 3(b).
Compared with the result shown in Fig. 3(a), the full width at half
maximum of the gain from the IRC structure increases significantly
for both TE and TM modes under a similar injected-carrier density of
4.8� 1017 cm�3. This result means that the optical amplification may
be achieved over a very broad spectral range, which is attributed to the
superposition of emission from all InGaAs regions in the active layer
with differing indium content and also to InAs clusters that form
because of the IRC effect.

The mechanism leading to these results is analyzed based on
transition matrix element theory,23 according to which the TE gain in
a conventional quantum-confined structure dominates the TM gain if
the structure is subjected to compressive strain. In this case, carriers
recombine mainly between the conduction band C1 and the heavy-
hole subband (HH1) in the valence band. However, the TM gain
becomes dominant if the structure is subjected to tensile strain, in
which case carriers recombine mainly between the conduction band
C1 and the light-hole subband (LH1) in the valence band.

FIG. 2. (a) Schematic diagram of experimental setup for APL measurement from
the facet of edge-emitting SOA sample. (b) APL spectra of TE and TM modes,
measured with a carrier density of 4.8� 1017 cm�3. The black and red curves
show the APL intensity measured from the coated and uncoated ends, respectively.

FIG. 3. (a) Measured modal gain from the sample for TE (solid curves) and TM
(dashed curves) polarization modes. The injected-carrier density varies from 3.6 to
4.8� 1017 cm�3. (b) Calculated material gain from a conventional 10-nm-thick
In0.17Ga0.83As/GaAs quantum well with no IRCs. The injected-carrier density varies
from 0.4 to 1.0� 1018 cm�3.
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To understand comparable TE and TM gain in a given sample,
we use a step-well model (see Fig. 4), which is based on the dual peak
in the APL spectra in Fig. 2(b). The peaks at 930 and 980nm corre-
spond to emission from In0.12Ga0.88As and In0.17Ga0.83As, where
In0.12Ga0.88As forms due to the loss of indium atoms from the original
In0.17Ga0.83As. The subsequent lattice mismatch produces tensile
strain in In0.12Ga0.88As, whereas the lattice mismatch in In0.17Ga0.83As
leads to compressive strain. Thus, both compressive and tensile strain
exists within the active layer, which forms the band structure shown in
Fig. 4 in which the black and pink lines in the valence band denote the
HH1 and LH1 bands, respectively. In this case, carriers recombine
between the C1 and HH1 bands to produce TE emission and between
the C1 and LH1 bands to produce TM emission. As a result, the device
provides gain for both TE and TM polarization.

If the TE- and TM-polarized optical waves are of the same wave-
field mode, which is typically the fundamental wave mode of the
device, the confinement factor C¼CxCyCz of the device is the same
for the TE and TM wave fields. In this work, we obtain C¼ 0.33%.23

Optical amplification by a SOA can be described by

Iout ¼ Iine
GL; (3)

where Iin (Iout) is the input (output) wave intensity of the SOA. Since
many factors combine to determine the waveguide losses for the TE
and TM wave fields (e.g., the optical gain, the material parameters, the
geometry to couple light into the device, and the optical wave modes),
determining the waveguide loss is complicated. To simply this prob-
lem, we consider only the fundamental wave mode for TE and TM
polarization, in which case the waveguide losses are the same for TE
and TM optical amplification and can be neglected in the analysis of
polarization-independent optical amplification.

Figure 5 shows the results. Figure 5(a) shows the TE and TM
optical amplification provided by the IRC device for several injected-
carrier densities. These results are based on the gain data of Fig. 3(a)
and Eq. (3). Figure 5(b) shows the intensity difference dTE-TM between
the TE and TM optical amplification. The results show very little dif-
ference in intensity (jdTE-TMj < 0.5 dB) over a spectral range of
roughly 65 nm. These results show that the IRC quantum-confined

device should provide equivalent optical amplification of TE and TM
radiation over a broad spectral range of 65 nm.

These results were obtained in the 980nm band of InGaAs-based
materials. Given that InGaN produces a very broad emission spectrum
from the visible to the C band, one may also expect similar results in
the O and C bands of InGaN-based materials because IRCs may also
form in these materials.24–26

In conclusion, we report the use of an InGaAs-based IRC
quantum-confined structure as gain medium to realize polarization-
independent optical amplification over an ultrabroad spectral range.
The experimental results show that comparable optical gain is
obtained simultaneously from both TE and TM polarization over a
spectral range of 65 nm. This result opens the possibility of
polarization-independent optical amplification over a broad spectral
range. A preliminary analysis of the emission mechanism induced by
the IRC structure indicates that the IRCs modify the original InGaAs
active layer into numerous anisotropic InGaAs regions of varying
indium, thereby producing hybrid strain states comprising both com-
pressive and tensile strain in the active layer. This physical structure
leads to a complex energy-band structure that allows the amplification
of both TE and TM polarization and that we interpret via a step-well

FIG. 4. Composite energy-band structure that forms because of IRC effect in
InGaAs/GaAs.

FIG. 5. (a) Relative intensity of TE and TM optical amplification through IRC struc-
ture with injected-carrier densities of 3.6–4.8� 1017 cm�3 based on the gain data
from Fig. 3(a). (b) Difference in intensity between TE and TM optical amplification
with carrier density varying from 3.6 to 4.8� 1017cm�3.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 116, 252106 (2020); doi: 10.1063/5.0008799 116, 252106-4

Published under license by AIP Publishing

https://scitation.org/journal/apl


model. We thus expect such IRC quantum-confined devices to offer
comparable TE and TM optical amplification over a broad spectral
range.
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National Natural Science Foundation of China (Grant Nos.
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