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1.3 um InAs/GaAs Quantum-Dot Lasers with p-Type,
n-Type, and Co-Doped Modulation

Huiwen Deng, Jae-Seong Park, Xuezhe Yu, Zizhuo Liu, Hui Jia, Haotian Zeng, Junjie Yang,
Shujie Pan, Siming Chen,* Alwyn Seeds, Mingchu Tang,* Peter Smowton, and Huiyun Liu

To further enhance the performance and understand the mechanism of InAs
quantum dot (QD) laser under high temperature, both theoretically and
experimentally it is investigated, the effects of the technique of the
combination of direct n-type doping and modulation p-type doping, namely
co-doping, in the active region for a wide temperature range over 165 °C.
Through the comparison of co-doped, modulation p-type doped, direct n-type
doped, and undoped QD lasers, it reveals that the co-doping technique
provides a significantly reduced threshold current density across the whole
temperature range and robust high-temperature operation. Furthermore, it is
also observed that the effectiveness of co-doping in suppressing round-state
quenching is comparable to that of p-doping. The improvements in the doping
strategies are also revealed through the rate equation simulation of the lasers.

1. Introduction

Self-assembled InAs/GaAs quantum-dot (QD) lasers have
attracted considerable attention because of their unique ad-
vantages of low threshold, high-temperature operation, robust
tolerance to crystal defects, low linewidth enhancement factor,
and insensitivity to optical feedback.'””] Compared with con-
ventional quantum-well lasers, indeed, extensive works have
demonstrated superior static and dynamic properties of QD
lasers.*1*] Nonetheless, the performance of QD lasers is still
not ideal, partly due to the thermal escape of carriers from the
ground state to higher states in QD and/or barrier layer.!>16]
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Furthermore, the closely spaced states
in the valence band cause the thermal
broadening of holes and, hence, the
asymmetry in the charge carrier distribu-
tion in QDs, reducing the radiation ef-
ficiency and gain characteristics of QD
lasers.[17:18]

In order to improve the performance
of QD lasers, the modulation p-type Be
doping (p-type doping) technique has
been widely employed to compensate for
the loss of holes by providing extra holes
at high operating temperature, which
significantly enhances the temperature
stability, gain characteristics and direct
modulation response of QD lasers.[1*2!]
It was also demonstrated that p-type
doping facilitates ground-state lasing, particularly in short-cavity
lasers.[2223] Despite various advantages of p-type doping in QD
lasers, the use of p-type doping causes an increase in the thresh-
old current of QD lasers, mainly due to the increased non-
radiative recombination and internal losses.[?*?5] Alternatively,
direct n-type Si doping (n-type doping) in QDs, which is capable
of passivating the non-radiative recombination centers and intro-
ducing extra electrons, has also been studied recently because it
provides the improved optical properties of self-assembled QDs
and significantly reduces the threshold current of lasers.[26-28
For example, Lv et al. reported that using direct n-doping in
QDs produced a reduced threshold current density (J,;,) of 71.6
from 167.3 A cm™ (undoped QD lasers) and higher operating
temperatures.!?! In addition, Deng et al. demonstrated that QD
lasers with n-doping showed a narrowed near-field lasing spot,
along with a reduced J,.2%

Recently, a co-doping technique, which employs both n-type
doping in QDs and p-type doping in barrier layers at the same
time, was proposed to further improve the performance of QD
lasers by compensating for the drawback of p-type doping.3132!
For instance, Lv et al. B!l demonstrated that compared with the
modulation p-type dope QD lasers, the co-doped QD lasers ex-
hibited a decrease of threshold current (I,,) from 51.07 to 43 mA
and an increase of slope efficiency from 0.18 to 0.25 W A~! under
pulse mode at room temperature. Moreover, the co-doped lasers
showed stable lasing operation with power exceeding 20 mW at
85 °C under continuous-wave (CW) mode operation, while the p-
type doped one reached power saturation at only 14.08 mW. How-
ever, the influence of co-doping on the performance of QD lasers
has not been comprehensively studied yet, particularly compared
with n-type direct doped (n-doped) and undoped ones, and the

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH


http://www.advphysicsres.com
mailto:siming.chen@ucl.ac.uk
mailto:mingchu.tang@ucl.ac.uk
https://doi.org/10.1002/apxr.202400045
http://creativecommons.org/licenses/by/4.0/

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

www.advancedsciencenews.com

(a)
300 nm GaAs P
(2.5 nm AIGaAs/2.5 nm GaAs) x10 P
GaAs 18nm UD 1400 nm AlGaAs P
GaAs 10 nm 30 nm AlGaAs
Be-doped:4.5x10"7cm=3 “~__ (Inm AIGaAs/I nm GaAs) x12 UD
GaAs 14.5 nm UD 43 nm GaAs

AAAAAAANNARAAAAAAL
InGaAs QW
42.5 nm GaAs
(1nm AIGaAs/I nm GaAs) x12 UD
30 nm AlGaAs UD

1400 nm AlGaAs N

Sl Dopant: 1.2 e per dot

¢ ¢ ¢ ¢
¢ ¢ ¢ GaAs Substrates N

© ¢ e ¢

(2.51m AIGaAs/2.5 nm GaAs) x10N
200 nm GaAs N

InGaAs QW
X7 Active region

www.advphysicsres.com

(b)

1100 1150 1200 1250 1300 1350 1400
Wavelength (nm)

Figure 1. a) The schematic diagram for the 1.3 um InAs QD laser structure with the co-doping technique and b) Typical PL result for the calibration

samples with insetting the AFM result of 1 um? area.

mechanism of the improved lasing performance of the co-doping
strategy was not clearly revealed.

In this work, we demonstrated that QD lasers were feasible to
work over 165 °C with further high-temperature improvements
through different doping strategies. In addition, we delved into
the fundamental mechanisms behind QD lasers with different
doping strategies based on rate equations, demonstrating that
photon lifetime is vital in controlling the J,,.

2. Material Growth and Device Fabrication

2.1. Laser Structure Growth

To elucidate the impact of various doping strategies on laser
performance, four identical laser structures with different
doping strategies of active regions were developed under op-
timized growth conditions. As depicted in Figure 1a, these
laser structures were epitaxially grown on 3-inch n-type GaAs
substrates by using the Veeco GEN930 molecular beam epitaxy
system, commencing with a 200-nm thick n-type GaAs buffer
layer. This layer was followed by a sequence of 10 repetitions
of alternating n-type Al ,Ga,,As/GaAs superlattice layers, each
2.5 nm thick. Subsequently, a 1.4 pm thick n-type Al,,Ga, As
cladding layer is incorporated into the structure. This was
then succeeded by a 30-nm thick, undoped Al,,Ga,,As guid-
ing layer and finished by 12 repetitions of Al;,Ga, As/GaAs
superlattice.

The active region of the laser comprised 7 stacks of InAs Dot-
in-Well (DWELL) structures, while adjacent DWELL was sepa-
rated by an undoped 42.5-nm GaAs spacer layer. Each stack of
DWELL consisted of a 2-nm InGaAs quantum well, followed by

Table 1. The summary of the J,;, (A cm~2) at room temperature of undoped,
n-type doped, p-type doped, and co-doped lasers.

Cavity Length [mm] 1 2
Undoped laser 136 59.12
Direct n-type doped laser 143.2 61.7
Modulation p-type doped laser 154.6 105.76
Co-doped laser 83.8 46.96
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a 2.8 ML InAs QD deposition at a nucleation temperature of
510 °C, finished by an InGaAs capping layer with a thickness
of 5 nm. Optical properties were characterised by photolumines-
cence (PL) measurements excited by a 635-nm laser, with a peak
located at 1277.0 nm and a full width at half-maximum (FWHM)
of 31.58 meV, as shown in Figure 1b. The QD density, charac-
terised by Atomic Force Microscopy (AFM) in the 1 pm? area, is
estimated to be 5.2 x 10'° cm™2, as demonstrated in the inset of
Figure 1b.

Above the active region, 12 repetitions of undoped
Al ,Gay¢As/GaAs superlattice layers were placed, followed
by a 30-nm thick upper undoped Al, ,Ga, (As guiding layer and
a 1.4-um thick upper p-type doped Al,,Ga,(As cladding layer.
Finally, the laser structure was finished by 10 repetitions of
p-type doped Al,,Ga,,As /GaAs layers followed by a 300-nm
heavily p-type doped GaAs layer, serving as the p-type contact
layer.

To further compare and analyze the mechanism of different
doping strategies in the QD laser active region, modulation p-
type doped, direct n-type doped, and co-doped QD techniques
were employed. In the direct n-doped QD lasers, Si dopants were
introduced during the QD formation stage, achieving a doping
density of 1.2 electrons per dot, which is optimized by previous
research.3%l For the modulation p-type doped QD laser, a 10-nm
p-type doped GaAs layer strategically embedded within the 42.5-
nm GaAs spacing layer is used, while the co-doped QD laser com-
bines these two aspects.**]

2.2. Laser Device Fabrication and Characterization

The Fabry-Pérot laser devices were fabricated into 50-um ridge
width by conventional photo-lithography and wet chemical etch-
ing. The p-type metallisation of Ti/Au (20/250-nm) was formed
on top of the mesa stripe by a sputtering system. After thinning
the substrate to 150-um, the n-type electrode of Ni/AuGe/Ni/Au
(10/100/10/250-nm) was deposited on the backside of a sample
using a thermal evaporator. In order to form Ohmic contact, the
samples were annealed at 380 °C for 1 min. Laser bars were
cleaved into 1- and 2-mm cavity lengths without facet coatings
and then mounted on indium-plated copper heatsinks with gold
wire bonding.
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Figure 2. Single side pulse LI curves of QD lasers with different doping strategies at 20 °C a) with 2 mm cavity length and b) with 1 mm cavity length.

3. Effect of Co-Doping on the Performance of
InAs/GaAs QD Lasers

The fabricated broad-area lasers with 50-um ridge width were
measured under pulse mode (1% duty cycle, 1-us pulse width).
The J,, of co-doped, undoped, p-type doped, and n-type doped
QD lasers with 2-mm and 1-mm cavity length at room temper-
ature is summarised in Table 1. Figure 2a,b show the single-side
light-current (L-I) curves of the fabricated QD lasers with 2-
and 1-mm cavity lengths at room temperature, respectively. For
both cavity lengths, the co-doped QD lasers exhibit the lowest J,,
among all four different lasers regardless of the temperature. It
is also observed that the J,, of p-type doped QD lasers becomes
lower than those of undoped and n-type doped QD lasers at high
temperatures, especially as the cavity length decreases.

Figure 3a,b illustrate the J, trend of 2- and 1-mm cavity
lengths QD laser devices on a logarithmic scale, respectively. In
Figure 3a, it can be clearly seen that the co-doped lasers maintain
the lowest J,, in the whole temperature range. The n-type doped
lasers, while initially presenting a lower J, than undoped and
p-type doped lasers, eventually exceed that of p-type doped lasers.
At the same time, 1-mm cavity length devices show a similar J
trend to 2-mm cavity length, as shown in Figure 3b. However,
the J,, of n-type doped QD lasers exceeds more rapidly than
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Figure 3. The temperature dependence of threshold current density for QD

with T mm cavity length.
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that of p-type doped lasers within a low-temperature range in a
shorter cavity, and even the undoped QD laser shows similar J,,
to that of n-type doped QD lasers at a high-temperature range.
The characteristic temperature (T,) was calculated based on
the temperature-dependent J,, results. Among all the doping
methods, the p-type doped QD lasers produce the highest T,
achieving 190.5 K and 86 K in the temperature range of 20—
70 °C and above 70 °C, respectively. In comparison both the
co-doped and n-type doped methods show improvements over
reference undoped laser’s T, of 67.1 K in the temperature range
of 20-70 °C, reaching 109.2 and 77 K, respectively. Furthermore,
at temperature above 70 °C, T, for the co-doped and n-type
doped lasers are also improved, increasing to 56 K and 45.4 K,
respectively, from a baseline of 37.8 K calculated in the undoped
laser.

To identify the lasing peak wavelength, temperature-
dependent wavelength shift was measured at 1.1 X I,;,, as shown
in the inset figures of Figure 3a,b for 2-mm and 1-mm cavity
length, respectively. Both co-doped and p-type doped QD lasers
maintain the ground-state lasing up to 160 and 120 °C for 2-mm
and 1-mm cavity lengths, respectively. The n-type doped QD laser
exhibits ground-state lasing up to 150 °C for a 2-mm cavity length
and dual-state lasing at 110 °C for a 1-mm cavity length. Undoped
QD lasers with 2-mm and 1-mm cavity lengths show ground-state
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lasers with different doping strategies a) with 2 mm cavity length and b)
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Figure 4. a) The temperature dependence of CW threshold current density of QD lasers with different doping techniques (2 mm x 50 um). The inset
figure shows the temperature-dependent peak lasing wavelengths of QD lasers. b) The CW single facet L-I-V curve of 2 mm cavity QD lasers with different

doping strategies.

lasing up to 145 and 110 °C, respectively. Notably, for the un-
doped QD laser, a blue shift in the peak wavelength was observed
at high-temperature ranges. This shift is believed to be caused by
a high current injection-induced variation in effective refractive
index.34l In general, a red shift caused by temperature-induced
bandgap shrinkage dominates over the carrier-induced blue shift,
such as band-filling effect and plasma effect, in a moderate tem-
perature range. At high temperatures over 100 °C, however, an
increased J,;, and low quantum efficiency result in a large amount
of unclamped excess carriers,!*) which would be enough to trig-
ger a blue shift that eclipses the red shift. For the n-type doped
QD laser with a 1-mm cavity length, in addition, a blue shift at
110 °C was also observed. Its better tolerance to the blue shift,
compared to the undoped QD laser, can be attributed to its lower
threshold current density and lower linewidth enhancement
factor.l®!

It should be noted that, unlike the doped QD lasers, con-
firming the ground-state lasing of an undoped QD laser in a
high-temperature range is challenging due to the blue shift. In
order, therefore, to examine the dual-state lasing often observed
prior to the transition to excited-state lasing,’) we measured the
injection current-dependent optical spectrum (not shown here).
For the undoped QD laser with a 1-mm cavity length, dual-state
emission was observed above an injection current of 400-mA at
110 °C, which confirms the excited-state lasing peak of 1257 nm.
However, the undoped QD laser with a 2-mm cavity length
didn’t exhibit the dual-state emission up to our injection current
limit.

The QD lasers with 2-mm cavity length are also character-
ized under CW mode, while Figure 4a presents the temperature-
dependent J,, of four QD lasers. The overall trend of J,, under
CW mode is similar to that under pulsed injection, but the max-
imum operating temperature differs depending on the doping
strategy. As shown in Figure 4a, the co-doped QD lasers produce
the lowest J,, of 71.69 A cm™? at room temperature, while the un-
doped, p-type doped and n-type doped devices show J,, of 114.56,
192.96 and 88.56 A cm™2, respectively. It is also observed that
the maximum operating temperature of co-doped QD lasers is
115 °C, which is even higher than that of p-type doped QD lasers
(105 °C). The temperature-dependent peak lasing wavelength of
QD lasers under CW mode, measured at 1.1 x I, confirms

Adv. Physics Res. 2024, 3, 2400045 2400045 (4 of 7)
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ground-state lasing in the inset of Figure 4a. The wavelength
shifts of co-doped, undoped, p-type doped, and n-type doped QD
lasers were derived to be 0.55, 0.55, 0.53, and 0.57 nm K, re-
spectively. Figure 4b shows the light-current-voltage (LIV) curve
of 2-mm long lasers with different doping strategies under CW
mode.

4, Simulation

To investigate the observed performance differences in QD lasers
that have active regions with various doping strategies, a rate
equation model is employed to analyse the effects of dopants.
This model simplifies the dynamics of QD lasers by considering
four energy levels: the wetting layer (WL), the second and first
excited states (ES2 and ES1, respectively), and the ground state
(GS).

The model operates under a few key assumptions. First, it
assumes that the injected current remains constant throughout
the operation. Second, it posits that relaxation and escape pro-
cesses occur exclusively between adjacent energy states. Thirdly,
the current is considered to be injected directly into the wetting
layer (WL). Factors such as the heating effect of the current and
variations in QD size are disregarded in this model. To further
demonstrate the effect of co-doping technique, the full device
band structures are calculated through a semi-empirical model
in Nextnano. Figure 5a describes a standard band diagram of a
single DWELL layer. The effect of the co-doping technique can
be divided into two parts: direct n-type doping and modulation
p-type doping. During the n-type direct doping, the dopants were
directly incorporated into the QD, creating a positive potential as
a result of dopants ionising. In addition, the positive ion reduces
the number of confined hole states, increasing the probability of
radiative recombination. Meanwhile, for the modulation p-type
doping technique, the dopant holes diffuse into the active region
shown as a red circle in Figure 5b, which also introduce an en-
hance in radiative recombination.

As depicted in Figure 6, the rate equations governing the sys-
tem are formulated in Equation (1) through Equation (7). These
equations collectively provide a framework for understanding the
impact of Si doping on QD laser performance, particularly in
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Figure 5. Schematic diagram showing energy levels and singular DWELL layer for a) an undoped laser and b) a co-doped laser. Black circles denote the
electrons, while white circles and red circles denote the holes and holes from dopants, respectively.

terms of how the dopants influence the dynamics across the dif-

ferent energy levels.

Table 2.
at 300K.

Parameters for rate equation model used for InAs/GaAs QD laser

Symbol

Value

Photon lifetimes z, (ns)

2.43 (undoped), 2.36 (n-type), 2.59
(p-type) and 2.38 (codoped)

Capture time from WL to ES2 7, (ps) 3 (n-type, codoped) /

8.2 (undoped/ p-type)

ANy _ I_M_M(l_f )+NE52 (1)
dt 4 Ty  Tewi-Es2 B s
dN, N, Ng
d_SZ = -—- T0,8es, (2fiss = 1) Spsy — —=1 ~fes1)
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N N N
+—L (1= fo) = =2+ — (1-fi)  (2)
T,Es1 Tegs2  Tewl-Es2
dNgg N Ngs
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T, TeGs
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Figure 6. Schematic diagram showing the electron transitions in the con-
duction band under rate equation assumptions.
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Relaxation time from ES2 to ES17.s,.¢5; (fs) 250
Relaxation time from ES1to GS 7.5 (fs) 250
QD density Np (cm™2) 4.5x 10
Gain in GS g¢s (um™") 259.38 x 107*
Gain in ES1 ggg; (um™") 437.58 x 1074
Gain in GS ggs, (um™") 45530 x 1074
Thermal escape time from GS to ES1 7,4 1.6
(ps)
Thermal escape time from EST to ES2 7., 2.1
(ps)
Thermal escape time from ES2 to WL ¢, 3.7
(ps)
as S N
dEtSZ = _% +T'v,gps, (2fisa = 1) Spsr + ﬁsp%:z (5)
as S N
% = _% + To,gpg (2fus1 = 1) Spsr + ﬂsp%:l (6)
as S N
dfs = _f + o865 (2fes—1) Ses + ﬁspTis (7)

Photon lifetimes (r,) were determined using time-resolved
PL measurements, fitted with a mono-exponential function,
I ()= Axe/. The estimated 7, for various lasers at 300 K
were 2.43 ns (unintentional doped), 2.36 ns (n-type), 2.59 ns
(modulation p-type), and 2.38 ns (co-doped). Other parameters
for QD laser components, as shown in Table 2 , were initially
selected from previous simulations and adjusted to replicate
experimental L-I curves of InAs QD lasers at 300 K. Simulation
results, as shown in Figure 7, strongly suggested that the lifetime
of the carriers and the carrier capture within the laser have a
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Figure 7. The comparison of the theoretical simulations and measured
results of the InAs QD lasers LI curves with different doping strategies.
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significant impact on the threshold current of the laser at room
temperature. A shorter carrier lifetime typically leads to a lower
threshold current, which is vital for further optimising QD laser
design and enhancement.

5. Conclusion

The high-temperature operations of 1.3-um InAs/GaAs QD
lasers with different doping modulations were compared and ex-
plained. The performance of 1.3-um QD lasers was examined
with p-type modulation doping, direct n-type doping, co-doping
and unintentional doping over a wide temperature range. The
results indicate that co-doping significantly reduces the thresh-
old current density, enhancing the high-temperature operational
stability of the QD lasers. Notably, while co-doping suppresses
ground-state quenching as effectively as p-type doping, it also
achieved a much lower threshold compared to p-type doped
lasers. In addition, with the help of the rate equation model, we
reveal that co-doping optimises the distribution of carriers inside
the QDs, which thereby improves the lasers’ performance. These
findings are especially promising as they suggest that enhanced
laser performance can be achieved through a simplified doping
approach.
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