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Abstract
Working reliably at elevated operating temperatures is a key requirement for semiconductor
lasers used in optical communication. InAs/GaAs quantum-dot (QD) lasers have been
considered a promising solution due to the discrete energy states of QDs. This work
demonstrates temperature-insensitive and low threshold InAs/GaAs QD lasers incorporating
co-doping technique, compared with p-type modulation doping. 2 mm long co-doped QD lasers
exhibit a low threshold current density of 154 A cm−2 (210 A cm−2) and operate at a high
heatsink temperature of 205 ◦C (160 ◦C) under the pulsed (continuous-wave) mode,
outperforming the p-type doped QD lasers. The results reveal that co-doping effectively
enhances both high-temperature stability and threshold reduction in InAs/GaAs QD lasers,
surpassing the performance of conventional p-type modulation doping. This approach offers a
pathway toward cooling-free operation, making co-doped QD lasers suitable for data and
telecommunication applications.

Supplementary material for this article is available online
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1. Introduction

Photonic integrated circuit (PIC)-based optical interconnects
have become a more popular choice for data communication
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systems due to their advantages of high speed, large
bandwidth, low power consumption and reduced latency
[1–5]. However, robust light sources capable of operat-
ing in harsh environments with reduced cooling demand
are crucial for commercialised optoelectronic applications,
especially in data centres [6]. The need for a highly effi-
cient and stable light-emitting source in data communica-
tion has brought the InAs/GaAs quantum-dot (QD) laser to
the forefront [7]. The delta function-like density of states in
QDs gives QD lasers superior optical and electrical proper-
ties, enabling them to exhibit temperature-insensitive oper-
ation, low threshold currents, and high tolerance to optical
feedback [8–10]. InAs/GaAs QD lasers have also proven to
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be excellent candidates as light sources for monolithic integ-
ration onto Si-based PICs, owing to their unique properties
with high tolerance to crystal defects [11–14]. Furthermore,
InAs/GaAs QDs have been demonstrated as an excellent act-
ive gain medium in multiple optical communication devices,
including semiconductor optical amplifiers, comb lasers and
photodetectors [15–18].

Despite the discrete energy states of QDs, the temperature-
insensitive operation of QD lasers deviates from theoretical
expectations, primarily due to the closed spaced valence band
energy states. To enhance the performance of InAs/GaAs
QD lasers at high temperatures, p-type modulation dop-
ing has been widely adopted, providing extra holes to the
laser active region [19]. This technique has been shown
to be effective in improving gain recovery, direct modula-
tion response, ground-state quenching, and high-temperature
stability [20–22]. However, it is commonly agreed that the
p-type modulation doping in QD lasers can introduce extra
free carrier absorption and non-radiative recombination, lead-
ing to a higher threshold current (Ith) [23]. For example,
Kageyama et al reported that 8-stacked InAs/GaAs QD
lasers (2 µm × 1200 µm) with p-type modulation doping
achieved a record-high operating temperature of 220 ◦C, with
a room-temperature (RT) threshold current density (Jth) of
625 A cm−2 [24]. On the other hand, n-type direct doping
into the active region during the formation of QDs has been
developed to reduce Ith and enhance the output power of QD
lasers by passivating the non-radiative recombination centres
and introducing extra electrons [25, 26]. However, it has been
observed that in short cavity lengths, the high-temperature sta-
bility and tolerance to the ground-state quenching are relat-
ively lower in n-doped QD lasers compared to p-type doped
and undoped QD lasers [26]. Recently, the combination of n-
type and p-type doping techniques, referred to as co-doping,
has been found to enhance laser performance with respect to
the Ith, maximum output power and high-temperature stability
[27–29]. This co-doping strategy provides a low threshold and
increased optical power due to the additional n-type direct dop-
ing while maintaining the high-temperature stability imparted
by p-type doping. For instance, Lv et al demonstrated that co-
doped QD lasers (6 µm × 1000 µm) under continuous-wave
(CW) injection exhibited a lower RT Jth of 712 A cm−2, com-
pared to 1110 A cm−2 in p-doped QD lasers. Additionally,
the co-doped QD lasers maintained a linear light–current (L–
I) characteristic without saturation at 85 ◦C, whereas the p-
doped QD lasers exhibited power saturation at 14 mW [27].
Deng et al also reported that the co-doped QD lasers exhibited
high-temperature stability and effectively suppressed ground-
state quenching, similar to p-type doped QD lasers [29],
while achieving nearly half the Jth of p-type doped QD
lasers.

In this paper, we demonstrate high-performance
InAs/GaAs QD lasers with high operating temperature and
low Jth by employing a co-doping technique, compared with
p-type modulation doping. The fabricated narrow-ridge co-
doped QD laser achieves a maximum operating temper-
ature of 205 ◦C (160 ◦C) and a low Jth of 154 A cm−2

(210 A cm−2) at RT under pulsed (CW) injection. In contrast,

the p-type modulation doped QD laser presents slightly lower
temperature stability and reduced output power. These results
confirm that co-doping is a promising alternative to p-type
modulation doping, effectively lowering Jth while maintain-
ing high-temperature stability.

2. Material epitaxial growth and characterisation

The InAs/GaAs QD laser structure was grown on n-type GaAs
(001) substrates, by using the Veeco GEN 930 molecular
beam epitaxy (MBE) system. The epitaxial structure of QD
lasers is shown in figure 1(a). To begin with the growth, the
GaAs substrates were deoxidised in the MBE chamber under
arsenic-rich conditions at 580 ◦C and followed by an ini-
tial 200 nm GaAs buffer layer to smooth the surface. The n-
type cladding layer of a 1400 nm n-type Al0.4Ga0.6As was
grown, followed by 12 repeats of Al0.4Ga0.6As/GaAs super-
lattice layers (SPLs), each with a thickness of 1 nm, as a
slab waveguide. The 7 layers of InAs dot-in-well (DWELL)
structure, grown on a 2 nm In0.16Ga0.84As quantum well and
capped by a 4.5 nm In0.16Ga0.84As, were formed as an act-
ive region, with each DWELL layer separated by 43 nm of
high-temperature-grown GaAs spacer layer [30]. To achieve
the p-type modulation doping, 10 holes per dot (h/dot) were
introduced in the GaAs spacer layer. For achieving the co-
doping, an optimised doping density of 1.2 electrons per dot
(e/dot) was implanted during the QD formation, with the p-
type modulation doping. The laser structure was completed by
12 repeats of Al0.4Ga0.6As/GaAs SPLs as top slab waveguide,
a 1400 nm p-type cladding layer, and a 300 nm heavily doped
p-type GaAs contact layer.

The optical property of QDs has been examined by using
photoluminescence (PL) measurements, using a 532 nm excit-
ation laser, a Horiba 1000 M monochromator and a liquid
nitrogen cooled InGaAs detector, as shown in figure 1(b). The
full width at half maximum of the ground state peak reaches as
low as 31.97 meV at RT with a peak wavelength of 1285 nm.
To examine the QD morphology, an atomic force microscope
(AFM) has been used to characterise the uncapped QDs. As
presented in figures 1(c) and (d), the AFM images with a scan
area of 1 × 1 µm2 show a dot density of around 5.5 × 1010

cm−2 for both the modulation p-type doped and co-doped
samples.

3. Laser fabrication and characteristic
measurements

The InAs/GaAs QD lasers were fabricated into narrow-ridge-
waveguide Fabry–Perot lasers with ridge widths of 8 µm. The
ridges were formed using conventional photolithography and
dry etching, followed by SiO2 passivation. After opening the
SiO2 passivation layer within the ridge, a p-type metallisa-
tion layer of Ti/Pt/Au was deposited on the top of the ridge,
and an additional Ti/Au layer was deposited as a bonding pad.
The substrate was then thinned to 120 µm, and an n-type elec-
trode of Ni/AuGe/Ni/Au was deposited on the backside of the
substrate. To form Ohmic contacts, the samples were annealed
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Figure 1. (a) Epitaxial structure of InAs/GaAs QD laser. (b) Room
temperature PL spectrum of InAs/GaAs QDs. A representative
AFM image of a (c) p-type modulation doped and (d) co-doped
uncapped QD sample.

at 410 ◦C for 1 min. Laser bars were cleaved into 2 mm cavity
lengths. High reflectivity coatings of 50% and 90% reflectivity
were applied to the front and rear facets, respectively.

The laser devices were flip-bonded onto the AlN submount
using AuSn solder and Au wire bonding. To measure the
performance of the QD lasers at different temperatures, the
devices were mounted on a copper heatsink/thermoelectric
cooling module equipped with a resistance thermometer. The
temperature was controlled by an LDT-5948 unit, utilising
four-wire voltage and sensor measurements.

Figures 2(a) and (b) show the CW temperature-dependent
L–I measurement for the co-doped and p-type doped
InAs/GaAs QD lasers with 8 µm × 2000 µm ridges, respect-
ively. For the co-doped QD laser, the Ith at RT was 33.7 mA,
corresponding to the Jth of 210 A cm−2, while the p-type
doped QD laser obtained the Ith of 38.4 mA, corresponding
to the Jth of 240 A cm−2. It is evident that both co-doped and
p-type doped QD lasers operate successfully up to 160 ◦C.
To better illustrate the subtle variations of L–I characteristics
as a function of temperature, the L–I curves with a reduced
power scale are also presented in the supplementary informa-
tion (figure S1). Figure 2(c) summarises the Jth trend for the
co-doped and p-type doped QD lasers over the temperature
range of 20 ◦C–160 ◦C. Overall, the co-doped QD laser exhib-
its lower Jth values compared to the p-type doped QD laser,
which can be attributed to the additional electron doping in the
co-doped active region. Based on the temperature dependence
of Jth, the characteristic temperature (T0) of the devices was
calculated for the different temperature ranges (20 ◦C–80 ◦C
and 80 ◦C–120 ◦C). For the co-doped QD laser, T0 values
were measured to be 217.4 K for 20 ◦C–80 ◦C and 104.3 K
for 80 ◦C–120 ◦C, while the p-type doped QD laser exhib-
ited T0 values of 332.2 K for 20 ◦C–80 ◦C and 116.7 K for
80 ◦C–120 ◦C. The higher T0 values of the p-type doped QD
laser up to 120 ◦C indicate its relatively better thermal stability
compared to the co-doped QD laser. However, at temperatures
above 120 ◦C, the co-doped sample demonstrates performance
similar to that of the p-doped QD laser.

Figures 3(a) and (b) present the lasing spectra for the
co-doped and p-type doped QD lasers at various temper-
atures, measured at an injection current of 1.1 × Ith. The
peak lasing wavelengths for the co-doped and p-type doped
InAs/GaAs QD lasers red-shifted from 1305 nm to 1368 nm
and from 1294 nm to 1360 nm, respectively, as the temper-
ature increased from 20 ◦C to 160 ◦C, and the temperature-
induced wavelength shifts were measured to be 0.46 nm ◦C−1

and 0.47 nm ◦C−1, respectively. It is evident that for both
QD lasers, ground-state lasing is consistently observed up to
160 ◦C. Note that the RT peak lasing wavelength of the co-
doped QD laser is red-shifted compared to the p-type doped
QD laser, likely due to the valence band shift caused by inject-
ing extra electrons [21].

To reduce the impact of the self-heating effect on the tem-
perature characteristics, the fabricated InAs/GaAs QD lasers
were also tested under pulsed mode (1 µs pulse width and 1%
duty cycle). Figure 4(a) shows the co-doped QD laser oper-
ating at a maximum temperature of 205 ◦C, which is slightly
higher than the 200 ◦C observed for the p-type doped QD laser
(figure 4(b)). The Ith at RT for the co-doped and p-type doped
QD lasers was 24.7 and 25.8 mA, corresponding to the Jth of
154 and 161 A cm−2, respectively. For improved clarity in the
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Figure 2. Temperature-dependent L–I curves of (a) co-doped and (b) p-type doped InAs/GaAs QD lasers under CW operation. (c) Jth
versus temperature trend for the co-doped and p-type doped InAs/GaAs QD lasers under CW operation.
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Figure 3. Lasing spectra for (a) co-doped and (b) p-type doped QD lasers over the temperature range of 20 ◦C–160 ◦C under CW operation.

overlapped region of the temperature-dependent L–I curves,
plots with a reduced power scale are also provided in the sup-
plementary information (figure S2). The Jth trend is presented
in figure 4(c). Both QD lasers produce similar Jth values up to
180 ◦C, but the co-doped QD laser achieves lower Jth values in
the higher temperature range of 180 ◦C–200 ◦C. The co-doped
QD laser presents T0 values of 840.3 K for 20 ◦C–80 ◦C and
129.0 K for 80 ◦C–120 ◦C, while the p-type doped QD laser
exhibits T0 values of 617.3 K for 20 ◦C–80 ◦C and 180.5 K
for 80 ◦C–120 ◦C.

The lasing spectra of the co-doped and p-type doped QD
lasers under pulsed injection were also measured across vari-
ous temperatures at an injection current of 1.1 × Ith, as
shown in figures 5(a) and (b), respectively. For both QD
lasers, ground-state lasing was achieved up to 170 ◦C, while
excited-state lasing was observed at 180 ◦C and above. The
peak lasing wavelengths at RT were 1305 nm for the co-doped

QD lasers and 1294 nm for the p-type doped QD lasers, and
the wavelength shifts for ground-state lasing were measured
to be 0.44 nm ◦C−1 and 0.46 nm ◦C−1, respectively.

To further evaluate the output power of the InAs/GaAs
QD lasers with co-doping and p-type modulation doping tech-
niques, the injection current was increased to 0.8 A under
CW mode and to 1 A under pulsed mode at RT. Figure 6(a)
shows the light–current–voltage (LIV) curves for CW mode.
The co-doped QD laser achieved a maximum power of 80 mW
at an injection current of 0.8 A, with a slope efficiency of
0.134 W A−1. In comparison, the p-type doped QD laser pro-
duced a maximum power of 78 mW and a slope efficiency of
0.120WA−1. As shown in figure 6(b), under the pulsed mode,
the co-doped and p-type doped QD lasers exhibited maximum
powers of 133 mW and 122 mW at an injection current of 1 A,
with slope efficiencies of 0.134 W A−1 and 0.126 W A−1,
respectively.
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Figure 4. Temperature-dependent L–I measurements of (a) co-doped and (b) p-type doped InAs/GaAs QD lasers under pulsed mode. (c)
The Jth versus temperature trend of the co-doped and p-type doped InAs/GaAs QD lasers under pulsed mode.
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Figure 5. Lasing spectra for (a) co-doped and (b) p-type doped QD
lasers over a temperature range of 20 ◦C–205 ◦C under pulsed
mode.

4. Discussion and conclusion

High-performance InAs/GaAs QD lasers capable of operat-
ing at extremely high temperatures were attained. A com-
parative analysis of 7-layer QD lasers with co-doping and
p-type modulation doping revealed the superior performance
of co-doped QD lasers in terms of Jth, output power, and
temperature stability. Specifically, the co-doped QD lasers
demonstrated maximum operating temperatures of 160 ◦C
(205 ◦C) under CW (pulsed) injection, which is slightly bet-
ter than the 160 ◦C (200 ◦C) observed for the p-type doped
QD lasers. Additionally, the co-doped QD lasers achieved a
Jth of 210 A cm−2 under CW mode (154 A cm−2 under
pulsed mode) and a slope efficiency of 0.134 W A−1 in both
modes at RT, outperforming the p-type doped QD lasers.
This work demonstrates significant progress in enhancing the
temperature-insensitive performance of InAs/GaAs QD lasers
with a low Jth by employing co-doping. The results highlight
the effectiveness of the co-doping strategy in leveraging the

Figure 6. (a) The LIV curves for the narrow-ridge lasers under CW
modes. (b) The LI curves for the narrow-ridge lasers under pulse
mode.

high-temperature stability of p-type modulation doping while
benefiting from the low threshold of direct n-type doping,
thereby mitigating the typical drawbacks of each method. As
a result, the co-doping technique emerges as a viable altern-
ative to p-type modulation doping for achieving both high-
temperature stability and low Jth in InAs/GaAs QD lasers.
Furthermore, the co-doped InAs/GaAs QD lasers demon-
strated in this study show great potential as a promising light
source for cooling-free environments in optical communica-
tion applications.
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