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Abstract

®

CrossMark

InAs/GaAs quantum-dot (QD) lasers offer a promising method to realise Si-based on-chip light
sources. However, the monolithic integration of III-V materials on Si introduces a high density
of threading dislocations (TDs), which limits the performance of such a laser device in terms of
device lifetime. Here, we proposed a kinetic model including a degradation term and a
saturation term to simulate the degradation process caused by the TDs in the early stage of laser
operation. By using a rate equation model, the current density in the wetting layer, where the
TDs concentrate, is calculated. We compared the rate of degradation of QD lasers with different
cavity lengths and of quantum-well lasers, where both are directly grown on Si substrates, by
varying the fitting parameters in the calculation of current densities in the kinetic model.

Keywords: quantum dot lasers, quantum well lasers, semiconductor defects,

semiconductor laser modelling

(Some figures may appear in colour only in the online journal)

1. Introduction

The dramatically increasing demands of data traffic such as
5G infrastructures urge the development of high-speed and
low-cost data transmission [1, 2]. Photonic integrated circuits
(PICs) based on the Si platform have gained significant atten-
tion due to their advantages in low cost and high bandwidth
data-transmission [3, 4]. In the field of photon-based quantum
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computing techniques, a fully photon operated device will
play a key role and significantly accelerate its development
and optimization [5]. The efficient electrically pumped Si-
based light-emitting sources is a necessary for the commer-
cialization of Si-based PICs [6]. As active components in
PICs, the optical and electrical properties of group III-V
materials are superior to group IV materials. Heterogeneous,
monolithic and transfer printing are main ways to integrate
III-V materials on Si substrates [7, 8]. The direct growth
of III-V materials on the Si platform has been regarded
as one of the most promising techniques for on-chip light
sources [9, 10]. However, the high threading dislocation dens-
ity (TDD) caused by the large lattice mismatch and the dif-
ference in the thermal expansion coefficient between III-V
compound semiconductors and Si substrate gives rise to the

© 2022 The Author(s). Published by IOP Publishing Ltd
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formation of non-radiative recombination centres [11-14].
These defects and accompanying recombination enhanced
defect reactions (REDR) dramatically reduce the quality of
III-V materials and increase the junction temperature thus
degrading the operating performance and lifetime of devices
fabricated from them [15—17]. To improve the thermal stabil-
ity of devices, the efficient heat dissipation has been employed,
such as metallic substrates, heat sink [18-20]. The higher the
dislocation density that is present, the more rapid is the rate of
degradation.

Quantum-well (QW) and quantum-dot (QD) laser have
been assumed an ideal source for Si-based PICs. However,
the performance of QW and QD lasers directly grown on Si
substrates has significant difference considering the impact of
high density of threading dislocations (TDs). For GaAs based
QW lasers epitaxially grown on Si, the longest reported life-
time is around 200 h under room temperature testing [21]. For
1.3 pm Si-based InAs/GaAs QD lasers grown on the GaAs/Si
virtual substrate, the extrapolated laser lifetime can reach more
than 1000 000 h by ageing it at 35 °C under a constant current
injection of 1.75 times of initial threshold [16, 22]. The mech-
anism underlying the higher performance of QD lasers grown
on Si is explained through the experimental comparison with
QW lasers, where the effect of TDs on the active regions in
Si-based lasers is well understood [23, 24]. Here we focus on
applying a similar theoretical model to both QW and QD lasers
grown on Si.

In theory, when an electron is captured by a deep level
(formed due to the defect state) with a subsequent capture of
a hole, multi-phonon emission occurs, which results in strong
vibration of the defect atoms, and motivates the defect motion
such as migration, creation, or clustering [25]. According to
the above phenomena, a kinetic model for the QW laser operat-
ing under the constant optical power ageing condition was pro-
posed [26]. However, the theory merely matches to the exper-
imental degradation caused by point defects, which does not
include effects between point defects.

In this article, we employ a kinetic model and consider
the characteristic of TDs that the interaction of TDs strongly
affects the degradation, which introduces more TDs dur-
ing the device operating. The interaction would reduce the
rate of degradation because of the energy consumption of
the vibration among the defects. This leads to a theoret-
ical model that assumes that the rate of growth of defects
abates and eventually saturates, which describes the change
of threshold current (/) as a function of the ageing time
and explains the degradation of QD and QW lasers at a
more fundamental level. To simplify the model, we assume
that the rate of the TD creation does not continue abating,
by using a classic population growth model to represent the
saturation term. Since the relative number of QDs directly
affected by TDs is very low, the carriers in the wetting layer
(WL), QW and barrier layer (BL) are the major factor that
affects the degradation of QD and QW lasers respectively. The
degradation is relatively easy to saturate at early stage, fol-
lowed by a much lower rate of long-term degradation [27].
Our work mainly focuses on the degradation in the early
stage.

2. Theoretical model

The QD structure is based on a 1.3 um InAs/GaAs QD laser
monolithically grown on GaAs/Si virtual substrate, which
including GaAs/Si buffer layer and five layers of dot-in-well
(DWELL) structure as active region. The DWELL consists of
3ML InAs QDs grown on a 2 nm of Ing ;5GaggsAs layer and
capped with 5 nm of Ing;5GaggsAs layer. In order to exam-
ine the carrier densities in QD structures, a multi-level rate
equation travelling-wave model with one dimensional spatial
resolution along the longitudinal direction of the laser is used
to calculate the carrier dynamics [28]. The rate of change of
the electron density in BL, WL, second excited state (ES2),
first excited state (ES1) and ground state (GS) in a InAs/GaAs
QD laser of length L and section w (waveguide width) x Az
(space step discretizing L) can be expressed as [23]:
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where [ = (1 —f}") is the probability of an empty state in

the energy level n; nl/e is carrier injection into the BL; 1/7."¢,
1/75", 1/7ese’, 1/ and 1/7,¢ are carrier capture rate, cas-
caded relaxation rate into the QD GS, thermal escape rate up
into higher energy levels, standard non-radiative recombina-
tion rate and dislocation-induced non-radiative recombination
rate [28, 29], respectively; Ny, is the electron number in section
w x Az, with m = BL, WL, ES2, ES1, GS.

The rate equation in the QD active region for the GS carrier
number in the section w x Az and the photon density S can be
described as:

dNGs _ Nesifés — Nosfesi — Nas
T e
_ Smat UGs +féD —1) S. VarAz )
& 1+eS L

with a material gain gnar, gD = 0.5 and active region volume

Var. The photon density is calculated by the forward and
reverse propagating electric fields Er and Ex

S = |Es|* + | Er |’ (6)
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where field Er and Egrare derived from equation (7) includ-
ing confinement factor I', field gain g, field loss «;, and field
spontaneous noise ity [30].

10,0
— — 4+ — ) Err(z,t) = (Tg — ;) Egr (z,1) + i3 (2,2
(5% g7 ) o o) = (g =) i )+ i ()
@)
max h
where g = Sm (zf(éf:g)) ‘)’
We can combine the above equations with the assumption

that the photon density S is zero, at a steady state of below and
near threshold, where the Iy is determined by

e e e e e
nn Az Ng | Ny Ngs | N | Mo
~ BL WL GS,e WL,e BL,e
e L an an nr dis dis
VARAZ
+ Vgrgths : L . (8)

Generally, Td_isl is considered a major factor for the REDR,
and here we assume Ry = T(isl = AN, (t) accounts for the
non-radiative carrier capture rate at the defect site with a
defect density N, (¢) where A is a constant. The threshold
gain condition g (n) = g(ny) = gu is satisfied when a laser
begins lasing and comes into the steady state, i.e. we are
assuming the carrier density n is pinned at the threshold value
ny. Furthermore, Ry increases because of the defect sites
acting as the non-radiative recombination enhanced centres.
A defect-carrier interaction process has been proposed by
Chuang [25, 26, 31], where the defect generation rate has the
form:

dN, (t)
dt

= K(n)Na (1) ©)

where the coefficient K (n) depends on the physical processes
of TD generation. The electron—hole recombination enhances
the TD generation at lasing states, while the K(n) can be
described as:

K(n)=rn(t)p(t) = kn* (10)
where n = p = ny, in the undoped active region and & is a con-
stant which depends on the temperature 7 and an activation
energy E,

k = koexp|—E,/ (kgT)] (11)
where kg is the Boltzmann’s constant.

Chuang’s model fits their experiment perfectly, in which
the samples are well prepared without dark line and dark spot
defects, and the only factor for degradation is the point defect
density [26]. The energy released by carrier recombination
is the source of the creation or growth of TDs. On the other
hand, for non-point defect, the defects interact and share the
released energy. TD is a kind of defect that interacts strongly,
where each defect competes with another defect at a time. In

Point Point Point Point
L X X J

Figure 1. Threading dislocation model.

Lam’s defect generation model [32], it is assumed that the
creation and growth of a type of defect requires certain types
of resources.

In our model, TDs are regarded as a line of point
defects, which is shown in figure 1. The interaction among
point defects is phonon-like and elastic. At the same
time, point defects distribute uniformly in an infinite line and
every point defect has the same amount of energy because of
interactions. If every point defect is dependent with others,
then the total energy can be written as:

E= 1k(n)c)z.

2 12)

If every point defect is independent with others, then the total
energy can be written as

13)

where k is a constant factor characteristic of the spring, x is the
displacement of each point defect and » is the number of point
defects in the TDs.

There are N, (f) possible point defects sharing the total
finite energy. We assume these point defects are not independ-
ent totally or not dependent completely and the total energy is
proportional to [N, (¢)]> + Ny ().

The defect generation rate with saturation can be described
as:

dN;t(t) =K(n)Ny(t) — C(n)[Na(t)Na(t) + Ny ()] (14)
C(n)=cn(f)p(t) = cn’ (15)
¢ =coexp[—E,/ (kgT)]. (16)

The rate of growth of the point defect density is governed
by K(n), while C(n) controls the rate of saturation of the
defect density. We can obtain the solution to this differential
equation

M(n)N, (0
a6 = () Na (0)

Na (0) + [M(n) — Na(0) Jexp[ — C(n) M (n)]

A7)

where, M (n) = %, N, (0) is the initial defects density.
We assume that point defect growth only occurred because of
the TD, and the growth of point defect in the BL Nygp) does
not greatly affect the growth of the other defects in the WL
Ngewr)- Al (1) can be obtained from (8) as the following solv-

able for:
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el

Mgr) (n)NaL) (0)

1Az

A
Bl <Nd(BL) (0) + [M(gL) () — Nacar) (0)] exp[—c(pr) ()M pL) (n
Mwr) (n)Ngewr) (0)

s NyL) (0)> N

e (Nd(WL) (0) + Mwr) (1) = Nacwr) (0)] exp[—ccwr) (n)Mwr) (n)1

To simplify the equation, we assume parameters in
BL and WL are the same because the TD and carrier

e VWLAI’lteh

]~ Naewr) (0)> NeWL‘| : (13)

density in BL and WL are nearly identical. We can
obtain:

M(n)N(0)

AIth ([) =

where nf, = N /Azwdwy, and Vi, = Lwdwr.

3. Results and discussion

Here, we employ the degradation data on the InAs/GaAs QD
laser epitaxially grown directly on a Si substrate in [22]. The
ageing process was tested at the temperature of 26 °C and the
drive current of 210 mA, which equals to 1.75 times the Iy,.
The ageing results and fitting curve according to equation (17)
curve fitting parameters are shown in figure 2 and in table 1,
respectively. Most of the increase in the Iy occurred in the
early stage of testing, and then followed by a very slow change.
The fitting curve fits the data well in the early stage, while the
deviation occurs and become serious in the longer stages. The
internal optical loss is a major factor that causes the increase
in threshold current density (/) during the initial degradation.
The fitting curve of internal optical loss due to the presence of
TDs is shown in figure 3, from which we can see the meas-
ured internal optical loss matches the fitting curve quite well.
Therefore, we can deduce that the TDs play a major role in the
Iy, increase in the early stage that affect the [y, increase can be
negligible in the initial ageing stage.

The light output against current (L—/) characteristics of QD
laser are modelled using rate equations as a function of the
laser cavity length of 3 mm, 3.2 mm and 4 mm, respectively
as shown in figure 4(a). The QD parameters referring to the
article [23] are listed in table 2, and the TDD is chosen to
6 x 10%cm~2, It apparently shows that the Jy, of long cavity
is lower than the short one. For QD laser directly grown on
Si substrates, TD is the main factor that causes the degrada-
tion in the early stage, and this kind of defects largely exists in
the WL of QDs. We simulate the carrier density in WL using
travelling wave rate equations under various current density
conditions, which is shown in figure 4(b). Here, we assume
that all parameters are the same for lasers with laser length is
between 3 mm and 4 mm except Jy,. The current density of the
WL should be pinned at a constant, however, the simulation

7 [(Nd (0) + [M (n) — Ny (0)] exp[—C (n) M (n) 1]

19)

)]

results show that the current density of the WL varies with
the input current. Therefore, when the input current density is
above Jy,, the increasing input current leads to an increasing
rate of degradation. However, the current density variation is
relatively small and its effect on the rate of degradation is insig-
nificant. Using fitted coefficient and simulating carrier dens-
ity, where the input current of the laser of length of 3.2 mm
is chosen to be 1.7 times of Iy, and the other input currents
are chosen to be 1.3 times of Iy, the rates of degradation or
the Jyp, variations of various laser lengths are calculated using
parameters in table 1 and drawn in figure 4(c). It manifests
that the increase of Jy, of shorter laser is more rapid than that
of longer one, which corresponds to the same result in paper
from [24].

For QW laser, a two-level system with BL and QWs is used
to simulate the lasing action. Rate equations similar to those
used for the QD laser model are modified to be applied in QWs
laser.

N/ e,h pe,h’ e,hpeh’ N y
dNgi, _ ﬂ% Now/si. B NgLfow _ Ngi' _ Ngi'
dt e L ng’v,@yh 7_CQW,e,h T,EL Tgi‘,e,h
(20)
e,h e,hpeh’ e,h peh’ e,h e,h
dNgw  Ngifow — Now/sL Now Now
- Weh W.eh QW  _QW,eh
dt TL(‘;) ,e, Tgc ,€5 7}(1% inS e,
g VarAz
— Vgegoln (QW> 5. ARTE Q1)
no L

where ngy, is the QW electron density and ny is the transpar-
ency carrier density. The LI characteristics of QW lasers with
a dislocation density of 6 x 10% cm~2 are shown in figure 5(a),
and corresponding parameters are listed in table 2. Carrier
density versus input current density simulation of the QW laser
is shown in figure 5(b), the current is pinned at the [. The
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Figure 2. (a) Iy, versus continuous-wave (CW) operating time for lasers with cavity length of 3.2 mm, at 26 °C and fitting /.

(b) Zoomed (a).
Table 1. Fitted coefficient (3.2 mm QD) and calculated coefficient (others)
3.2 mm QD 3 mm QD 4 mm QD 3 mm QW
Iino (mA) 120 116.5 130 12000
Scaled eVwrAn, /1 (mA cm®) 0.662 0.696 0.527 202.3
Scaled cndexp — (E./kT) (10~* cm® h™") 1.19 1.317 0.7554 11.12 x 10*
Scaled M (cm™?) 58.07 58.07 58.07 58.07
Scaled N;(0) (cm™) 28 28 28 28
Simulated n¢, (cm ™) 6.158 x 10%° 6.47 x 101 4.896 x 10' 1.89 x 108

threshold carrier density ng, of the QW laser is several orders
of magnitude larger than that of the QD lasers. The degrada-
tion in the early stage is calculated using fitting parameters A
and c that are assumed to be the same as the QD laser. The
rate of degradation of the QW laser is calculated using para-
meters in table 1 and shown in figure 5(c), and it is manifest
that the degradation of the QW laser is more rapid than the

degradation of QD lasers with the same dislocation density in
the early stage of ageing.

To further investigate the impact of TDs to the lasers for
real application in data transmission, the small signal response
[33] of the aged QD laser based on the rate equation model
has been calculated. The results are shown in figure 6. We
assume the [y, varies with the ageing time, and the only reason
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Figure 4. (a) LI characteristic simulations of QD lasers of different length before the ageing test. (b) Carrier density in WL versus input
current density simulations of QD lasers of different length. (c) Rate of degradation simulations of QD lasers of different lengths.

for the variation is the TD defect growth. The corresponding
3 dB bandwidth decreases with the defect growth. The 3 dB
bandwidth of the QD laser with a current of 200 mA, is
1.5 GHz for the laser of I, of 120 mA and decreases to

1.47 GHz and 1.34 GHz with an increasing Iy, of 130 mA and
140 mA, respectively. On the other hand, the 3 dB bandwidth
of the QD laser increases as one would expect as the drive
current is increased more. The 3 dB bandwidth is increased
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Table 2. Parameter used for QW and QD simulation.

QD parameters QW parameters

Parameters unchanged for QD and QW
simulations:

Laser wavelength Agp = 1310 nm Laser wavelength Aqw = 980 nm

Modal gain gmod = 25 cm™!

Gain constant go = 3000 cm™!

Optical confinement factor I' = 0.005 Optical confinement factor I' = 0.02

Gain saturation factor ¢ = 5 x 10'% cm®

QD degeneracies p; = 2,4, 6, 6,
6 (GS, ES1-ES4) np =16 x 10"% cm™3
QD carrier capture time

7l — 3 55, 0.5 ps

Intradot relaxation time 75 = 250 fs

QD density p =4 x 10'° cm™?

Gain saturation factor e = 1 x 10" em
Transparency current density

3

Laser length L = 3 mm
Waveguide width w = 50 pym

Facet reflectivity R = R, = 0.3
Number of active layers Niayers = 5
Diffusion constant Dé’:'As =191 cm?s™ ',
10 cm? 57!

Group velocity ver = 8.4 X 10"ms™
Active region volume Vagr = 6 x 10™° cm
BL thickness A, = 40 nm

WL/QW thickness: hwr,qw = 8 nm
Diffusion constant Dfn’gaAs =176 cm?s~ !,
8cm?s™!

Current injection efficiency 7 = 0.55
WL/QW transport/capture time Vel — 6.4 ps,
8.2 ps

BL, WL/QW, and QD carrier lifetime

roh —28ns

Waveguide loss o;; =3 cm™

1
3

1

50 Y s
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Figure 5. (a) LI characteristic simulation of QW lasers of the length of 3 mm. (b) Carrier density of QW versus input current density
simulation of QW lasers of the length of 3 mm. (c) Rate of degradation simulation of QW lasers of the length of 3 mm.

from 1.5 GHz to 1.63 GHz and 1.76 GHz due to the cur-
rent raised from 200 mA to 220 mA and 240 mA, respect-
ively. The 3 dB line width versus the square root of current

minus threshold current (figure 6(b)) is plotted. The propor-
tional constant (modulation current efficiency) [34] is about
0.12 GHz/mAO .5, and the proportional constant nearly does
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Figure 6. (a) Small-signal modulation response curves of a 3.2 mm length QD laser on Si length with 7, of 120, 130, and 140 mA recorded
at 200 mA, and Iy, of 120 mA at current of 220 mA and 240 mA. (b) 3 dB line width as a function of the square root current above threshold

(I-I)", the modulation efficiency is nearly a constant. (c) Higher 3 dB line width by increasing the modal gain and the current.

not vary with the ageing of the laser. The major factor of
the 3 dB bandwidth is the gain, and the 3 dB bandwidth of
the QD laser including up to ten QD layers or more for high
gain of 60 cm~! with current of 500 mA is calculated, which
illustrates that the 3 dB bandwidth can be up to 5.35 GHz by
increasing the modal gain and the current.

4. Conclusion

We have presented a theoretical study on the degradation of
QD laser monolithically grown on Si substrate with enhanced
non-radiative recombination because of the TDs and com-
pared the impacts of TDs on QD and QW lasers. An analyt-
ical ageing expression including the saturation term caused by
interaction of the defect type of TDs was derived. Our phe-
nomenological model successfully reproduces the trends of
degradation because of TDs, which is consistent with internal
optical loss of the laser due to an increased presence of defects.
The threshold carrier density and TDD in WL or BL are the
main factors to determine the ageing speed, as we compared
Jin threshold current density, carrier density and degradation of
different length laser. The comparison reveals the longer the
laser cavity, the lower the rate of degradation, which is attrib-
uted to the lower the Jy,. Ignoring the effects of other defect
reactions except TD-induced reactions, our simulations show

that QW lasers are more severely affected than QD lasers.
The study presented here is the first theoretical approach
to assessing the rate of degradation caused by TDs for QD
and QW laser in the early operation stage and hence further
enhances the understanding of performance of QD lasers as
the lasers age in the stage that the internal optical loss increases
significantly. The comparison of small signal response of the
aged QD laser was discussed, the corresponding 3 dB band-
width decreases with the defect growth. To realise the experi-
ment as future work, laser device lifetime measurement based
on the different laser cavity length will be carried out. The cer-
tain TDD value can be obtained by growing different types
and thickness of III-V buffer layers, with high-temperature
thermal cycle annealing process [35].
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