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We report on the fabrication and characterization of InAs/GaAs chirped multilayer quantum-dot superluminescent
diodes (CMQD-SLDs) with and without direct Si doping in QDs. It was found that both the output power and the spectral
width of the CMQD-SLDs were significantly enhanced by direct Si doping in the QDs. The output power and spectral
width have been increased by approximately 18.3% and 40%, respectively. Moreover, we shortened the cavity length of
the doped CMQD-SLD and obtained a spectral width of 106 nm. In addition, the maximum output power and spectral
width of the CMQD-SLD doped directly with Si can be further increased to 16.6 mW and 114 nm, respectively, through
anti-reflection coating and device packaging. The device exhibited the smallest spectral dip of 0.2 dB when the spectrum
was widest. The improved performances of the doped CMQD-SLD can be attributed to the direct doping of Si in the QDs,
optimization of device structure and device packaging.

Keywords: chirped quantum-dot, superluminescent diodes, direct Si doping
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1. Introduction

A superluminescent diode (SLD) is an ideal optical
broadband source for applications such as fiber optic gy-
roscopes (FOGs), wavelength-division multiplexing (WDM)
and optical coherence tomography (OCT).[1–4] The SLD emit-
ting at 1.3 µm is very important for OCT because it has the
lowest absorption in human tissue. Resolution is the key to the
imaging quality of OCT. The longitudinal resolution is deter-
mined by the coherence length (Lc) of the light source, which
is related to the spectral width (∆λ ) and center wavelength (λ0)
by Lc ≈ λ 2

0 /∆λ .[3] A wider spectral width can raise the resolu-
tion of the OCT. Moreover, a higher output power can improve
the sensitivity of the system.[5] Therefore, a simultaneous in-
crease in the output power and spectral width of the SLDs is
highly desirable. In addition, the spectral dip is also an impor-
tant parameter for SLDs, it refers to the value of the depression
in the center of spectrum, which represents the flatness of the
top of the spectrum.[6] Spectral dip can cause side lobes of
the main peak in the point spread function (PSF) of the light
source, which can cause noise in the OCT image and reduce
the axial resolution.[3] Therefore, post-growth annealing pro-
cess and optimization of chirped quantum dot (QD) structure
are used to obtain the spectrum with flat top.[7,8]

The application of QDs in the active region of SLDs has

aroused great interest since it was first proposed, especially
for InAs/GaAs QDs.[9–14] Due to the feature of self-assembled
QDs grown by Stranski–Krastanow mode, they typically have
a large size fluctuation and a Gaussian emission spectrum
close to ideal. In addition, owing to the limited density of
states for the ground state (GS) of the QDs, the emission of
higher excited states (ESs) of the QDs can be easily achieved at
a relatively small injection current density, leading to a broad-
ened emission spectrum due to the simultaneous contribution
of GS and ESs of QDs. Moreover, to further increase the
spectral width of QD-SLDs, a chirped multilayer QD struc-
ture of the active region is commonly adopted by depositing
strain-reducing layer (SRL) of different thicknesses.[15,16] Ma-
jid reported the spectrum dip from the central wavelength of
0.2 dB over 40-nm spans and that < 1.5 dB over 300-nm spans
for QD-SLDs with the InAs/InGaAs dot-in-a-well (DWELL)
structure.[17] Recently, we reported that the spectrum dip is
1.2 dB for InAs/GaAs QD-SLD with direct Si doping in QDs
when the spectral width was 105 nm.[18] For QD-SLDs with
a central wavelength in the O-band, and utilizing the com-
mon contribution of GS and ES to broaden the spectrum, their
spectrum dip is not less than 0.2 dB.[19–21] In addition, it is
found that doping technology is often used to improve the
performance of QD-SLDs, such as p-type modulation dop-
ing technology.[22] However, it can only increase the output
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power, but not broaden the spectrum. Another doping tech-
nology is direct Si doping technology.[23] It has been shown
that direct Si doping can effectively enhance the performances
of QD devices, such as lasers and solar cells.[24,25] Especially,
it has been demonstrated that Si doping technology can simul-
taneously improve the output power and spectral width of QD-
SLDs.[18]

In this paper, we demonstrated enhanced performances
of InAs/GaAs chirped multilayer quantum-dot superlumines-
cent diodes (CMQD-SLDs) with direct Si doping compared
with ones without any doping in QDs. It was found that
the output power of the doped CMQD-SLD is always higher
than that of the undoped CMQD-SLD at identical injection
currents. The maximum output power of the doped CMQD-
SLD reached 1.16 mW at 430 mA, while that of the undoped
CMQD-SLD was only 0.06 mW at 290 mA, an increase of
approximately 18.3%. The broadest half-maximum full width
(FWHM) of the spectrum for the doped CMQD-SLD is 98 nm,
compared to only 70 nm for the undoped CMQD-SLD, an in-
crease of approximately 40%. Moreover, the spectral dip of
the doped CMQD-SLD is decreased to 0.2 dB, which is the
same as the minimum reported for QD-SLDs with a central
wavelength in the O-band.[17–21] The improved performance
of doped CMQD-SLD can be attributed to the direct doping of
Si in the QDs, which passivates the nonradiative recombina-
tion centers within or near the QDs and provides excess carri-
ers to occupy the higher excited states.[18,23–25] A shorter cav-
ity length CMQD-SLD was also fabricated, and a maximum
spectral width of 106 nm was obtained. In addition, through
anti-reflection coating and device packing, the maximum out-
put power and spectral width of CMQD-SLD with direct Si
doping were increased to 16.6 mW and 114 nm, respectively.

2. Experiment
The InAs/GaAs CMQD-SLD samples used in the study

were grown on n+ GaAs (100) substrates by molecular beam
epitaxy (MBE). The active region of the CMQD-SLD samples
consists of ten stacked layers of ∼ 2.2 monolayers InAs QDs
with or without Si doping. Each InAs QD layer was capped
with an In0.17Ga0.83As SRL and a subsequent 40-nm-thick
GaAs barrier layer after the QD layer was deposited. SRLs of
different thicknesses were used to realize sequential shifts in
the emission center wavelength of the QD layers. The Si atom
doping concentration of the InAs QDs in the active region for
the doped CMQD-SLD samples was 5×1017 cm−3. Both the
doped and undoped CMQD-SLD samples contain an n+-GaAs
buffer layer, an n-Al0.4Ga0.6As lower-cladding layer, a GaAs
lower-waveguide layer, an active region, an upper-waveguide
layer, a p-Al0.4Ga0.6As upper-cladding layer, and a p+-GaAs
contact layer. The devices were fabricated by standard pho-
tolithography, dry etching, contact metallization, and cleaving

techniques. The width of the waveguide was 5 µm. The “J”-
shape ridge waveguide structure was used in this study, which
was divided into two parts, one part was a straight waveguide,
and the other part was a bent waveguide. We firstly fabricated
devices with a cavity length of 3 mm (L = 3 mm), with a bend-
ing region of 1 mm and a straight region of 2 mm. Next, to
optimize the performance of the device, we also fabricated
devices with the cavity length of 2 mm (L = 2 mm), with a
bending region of 1 mm and a straight region of 1 mm. To
minimize the optical transmission losses, the curvature radius
of the curved area was 0.8 cm. The bent region was tilted from
the normal direction of the cleaved facet by 7◦.

3. Results and discussion
Figures 1(a) and 1(b) show the power-dependent photolu-

minescence (PL) spectra of the active regions of the undoped
and doped CMQD samples at room temperature (RT). One
emission peak of 1289 nm is observed in Fig. 1(a), so that the
light emission of the undoped sample is mainly from the GSs
of the QDs. As the pump power increased, the peak intensity
of the PL spectra gradually increased, but the GS peak was
always dominant. As the pump power was 5P0 (P0 = 1 W),
the FWHM of the PL spectra was only 154 nm. However,
two emission peaks at 1203 nm and 1281 nm are observed in
Fig. 1(b).
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Fig. 1. PL spectra from the active region of the doped (a) and undoped
(b) samples at RT.

The broad Gaussian-like emission at 1281 nm corre-
sponds to the GS emission of QDs, while the combination of
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the emission at 1203 nm is the ES emission. As the pump
power increased, the energy levels of ES were gradually filled,
and the peak intensity of the ES gradually increased, and fi-
nally exceeded the peak intensity of the GS, while the FWHM
of the PL spectra gradually increased. When the pump power
was 5P0, the FWHM of the PL spectra was 175 nm. The
broadened PL spectra for the doped sample is attributed to the
direct Si doping providing excess electrons, which can lead
to an increase in ES emission. It can be easily found from
Fig. 1 that the peak intensity of the doped sample is approx-
imately 2.03 times higher than that of the undoped sample at
RT. This can be attributed to the fact that Si doping can in-
activate the nonradiative recombination centers near or within
the QDs and provide excess electrons to fill into higher energy
levels, thereby effectively suppressing the nonradiative recom-
bination process.[23]
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Fig. 2. The P–I characteristics of the doped and undoped CMQD-SLDs
measured at RT under CW.

Figure 2 shows the P–I characteristics of the Si-doped
and undoped CMQD-SLDs (L = 3 mm) measured under con-
tinuous wave (CW) operation at RT. The original output power
of the undoped sample is multiplied by ten and plotted in the
graph. The cavity facet of the bent waveguide is defined as
the front facet of the output. As shown in Fig. 2, the CMQD-
SLDs have typical P–I characteristics, where P–I shows a su-
perlinear relationship. The P–I curve shows no knee, indicat-
ing the suppression of lasing. Furthermore, it can be clearly
seen that the output power of Si-doped CMQD-SLD is always
higher than that of undoped CMQD-SLD under the same in-
jection currents. This shows that the doped sample has lower
output power consumption at the same injection current. In
particular, the maximum output power of the Si-doped sample
reaches 1.16 mW at 430 mA, while that of the undoped sam-
ple is only 0.06 mW at 290 mA. The increase in output power
of the doped sample can be attributed to the fact that Si dop-
ing can inactivate nonradiative recombination centers near or
within QDs, thereby effectively inhibiting the nonradiative re-
combination process.[23] As the injection current increases, the
output power of the CMQD-SLDs reaches a maximum value

and then begins to decrease due to the carrier thermal escape
at higher injection currents.

Figure 3 presents the optical spectra of the undoped and
doped CMQD-SLDs measured at RT. The optical spectra of
undoped CMQD-SLD are shown in Fig. 3(a). As the injec-
tion current increases, carriers fill higher energy levels, and
the center wavelength of the optical spectra gradually shifts to
blue and then to red. There is also a gradual increase in the
FWHM of the spectrum. The broadest FWHM of spectrum
is 70 nm at 500 mA. Additionally, at higher injection currents,
the self-heating of the device becomes apparent, and the output
power no longer increases. All spectra show a Gaussian shape,
and there do not change significantly with increasing injection
current. It can be inferred from the central wavelength posi-
tion of the spectra that the carriers are mainly filled with the
GSs of the QDs, so the optical emission of the undoped sam-
ple mainly originates from the GSs of the QDs. The optical
spectra of doped CMQD-SLD are shown in Fig. 3(b). When
the injection current is small, the carriers are randomly filled
into each QD in the active region, and preferentially recom-
bine in QDs with a larger size and lower energy level. In this
case, the device has a long luminescence wavelength and the
device’s luminescence comes mainly from the contribution of
spontaneous emission, with a large spectral width. With in-
creasing injection current, the carriers fill into the small and
high-energy QDs, and the luminous wavelength of the device
is blue shifted. When the peak intensity from the ES of the
QDs is equal to that from the GS of the QDs (GS = ES), the
spectral FWHM is the broadest. When the injection current
is 200 mA, the doped sample achieves the GS = ES regime,
and the spectral FWHM is 98 nm. At the maximum spectral
FWHM, the output power of the doped sample is 0.5 mW. As
the injection current is further increased, the peak of the ES
dominates, while the spectral width seems to decrease rapidly
due to the significant increase in the contribution of stimulated
emission. Since direct Si doping provides excess electrons,
more carriers would fill into the ESs of the QDs, and the doped
sample achieves the GS = ES regime. For the undoped sam-
ple, the GS peak always dominates, and the ES of QDs can not
emit. However, the obvious advantage of SLDs with QDs as
the active region is to use the common contribution of GS and
ES to broaden the optical spectrum. Direct doping with Si en-
hances the exploitation of this advantage. When the FWHM
of the spectrum is at its broadest, the spectrum dip over this
range is < 0.2 dB, which is smaller than that of the uniform
multilayer QD-SLD.[18] Figure 3(c) shows the corresponding
change in the FWHM of undoped and doped CMQD-SLD as
the injection current increases. The spectral FWHM of the un-
doped sample continues to increase with increasing injection
current. Since the gain of the undoped active region is small,
there is still only the GS emission of the QDs before the self-
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heating effect of the device due to the high injection current
is obvious. Due to the ES emission of doped CMQD-SLD,
the FWHM of the spectrum has a tendency to increase first
and then decrease. The broadest FWHM of the spectrum of

the doped sample is broader than that of the undoped sample.
This can also be attributed to the fact that Si doping provides
excess electrons, allowing carriers to be filled to higher energy
levels.
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Fig. 3. Optical spectra of the (a) undoped and (b) doped CMQD-SLDs (L = 3 mm) measured at RT, (c) the corresponding change in the FWHM
of (a) and (b), with increasing injection current.
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spectra of doped CMQD-SLD (L = 2 mm).

Next, the performance of the doped CMQD-SLD with
a shorter cavity of 2 mm is also measured. For the doped
CMQD-SLD (L = 2 mm), the maximum output power reaches
0.95 mW at 390 mA, as shown in Fig. 4(a). The output power
of the sample saturates at 390 mA due to the shorter gain
length of the sample than that of the above device. Figure 4(b)
presents the RT optical spectra of the doped CMQD-SLD
(L = 2 mm). The spectral variation of the doped CMQD-SLD
(L = 2 mm) with the injection current follows the same rule as
that of the doped CMQD-SLD (L = 3 mm) described above.
When the injection current is 110 mA, the sample achieves the
GS = ES regime, the spectral FWHM is 106 nm, the spectrum

dip over 106-nm spans is ∼ 0.2 dB, and the output power is
0.11 mW. Figure 4(a) also shows the corresponding change in
the FWHM of the spectrum with increasing injection current.
The spectral FWHM of the doped CMQD-SLDs all show the
same changing law. First, the GS emission is dominant. As
the current increases, the peak intensity of the ES is gradually
higher than that of the GS, and finally, the ES emission dom-
inates. The broadest spectral FWHM of the sample is wider
than that of the doped CMQD-SLD (L = 3 mm). The rea-
son is that the length of the straight waveguide of the doped
CMQD-SLD (L = 3 mm) is longer than that of the sample.
The increase in the length of the straight waveguide increases
the gain, which is obtained when the light travels back and
forth in the waveguide, and increases the proportion of the ex-
cited emission, thus reducing the FWHM of the spectrum.

Finally, the facet of the bent region of the doped CMQD-
SLD (L = 2 mm) is covered by antireflection (AR) coating
(reflectance below 1%) to reduce the reflection and suppress
lasing. The samples are loaded with the p-side up on a ther-
moelectric cooler (TEC) stage, and the device temperature is
maintained at 25 ◦C during the measurements. The output
power of the sample is 16.6 mW at 850 mA measured un-
der CW operation at 25 ◦C, as shown in Fig. 5(a). Figure 5(b)
presents the optical spectra of the sample. When the injection
current is 150 mA, the sample achieves the GS = ES regime,
with a spectral FWHM of 114 nm, a spectral dip of ∼ 0.2 dB in
this range and an output power of 0.16 mW. After the spectrum
is dominated by the peak of ES, the spectrum width shows a
trend of first decreasing and then increasing. When the in-
jected current is greater than 600 mA, the spectrum width in-
creases, which is due to the improved heat dissipation effi-
ciency of the device that enables the injected carriers to be
filled to a higher energy level. When the injection current is
850 mA, the spectral FWHM is 114 nm. The active region
structure, the quality of the AR coating and the package struc-
ture continue to be optimized to achieve higher device perfor-
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coating.

4. Conclusion
In conclusion, the InAs/GaAs CMQD-SLDs with and

without direct Si doping in QDs are fabricated and charac-
terized, and the results show that the output power of the
doped CMQD-SLD is invariably higher than that of the un-
doped CMQD-SLD under the same injection current. The
maximum output power of the doped CMQD-SLD reaches
1.16 mW at 430 mA, while that of the undoped QD-SLD is
only 0.06 mW at 290 mA. The maximum spectral FWHM of
the doped CMQD-SLD is 98 nm at 200 mA, but it is only
70 nm at 500 mA for the undoped CMQD-SLD. Furthermore,
the doped CMQD-SLD has the smallest spectral dip of 0.2 dB
at an injection current of 200 mA. We also fabricate CMQD-
SLDs with a shorter cavity length and obtain a maximum
spectral width of 106 nm. In addition, to further optimize
the device performance, the facet of the bent region of doped
CMQD-SLD is covered by AR coating, and the samples are

loaded with the p-side up on a TEC stage. The performance
of the doped CMQD-SLD is achieved with a maximum output
power of 16.6 mW and a spectral width of 114 nm.
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