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ABSTRACT

This work theoretically studies the impacts of the inhomogeneous broadening on the modulation dynamics of quantum
dot lasers using a multi-population rate equation model. The modulation dynamics shows two distinct regimes depending
on the energy separation between the GS and the ES. For broadenings smaller than the GS-ES separation, the K-factor
increases while the damping factor offset, the differential gain and the gain compression factor decrease with the
inhomogeneous broadening. For broadenings larger than the GS-ES separation, the damping factor offset keeps almost
constant while the K-factor, the differential gain and the gain compression factor increases with the inhomogeneous
broadening.
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1. INTRODUCTION

Quantum dot (QD) lasers are promising laser sources for optical fibre communications because of their attractive
characteristics, such as low threshold current density [1], temperature insensitivity [2], large material gain [3] as well as
high differential gain [4], [5]. However, the actual dynamical performances of QD lasers including the amplitude
modulation (AM) bandwidth and the frequency chirping properties are still far away from the initial expectation, which
were resulted from their unique electronic structure and the atom-like discrete states [6]. One fundamental limitation to
the dynamical performances is related to the carrier populations of higher energy states such as the 3D separate
confinement heterostructure barrier (SCH), 2D carrier reservoir (RS, also known as wetting layer), and the excited states
(ES) inside QDs [7], [8]. Secondly, the carrier scattering rates from the non-resonant states to the lasing ground state
(GS) are finite (on the order of several up to tens of picoseconds) [9]-[11], further limiting the dynamical performances
[12], [13]. The last important limiting factor is the direct consequence of the growth technique. QDs are grown in a self-
organized (Stranski-Krastanov) mode, leading to a near-pyramidal or truncated cone shapes [6]. The surface density of
dots typically varies from 10° to 10" dots/cm” [14]-[16]. Due to the dot size fluctuation (at least one monolayer for the
QD thickness), the photoluminescence from the dot ensemble is substantially inhomogeneously broadened. The
inhomogeneous broadening linewidth typically ranges from 30-80 meV at room temperature [5], [17]. It is known that
the inhomogeneous broadening effect has significant impacts on the AM response as well as the linewidth enhancement
factor (a-factor), which is strongly dependent on the shape of the gain spectrum [18]-[20].

This work systematically investigates the influence of inhomogeneous broadening both on the statics and dynamical
properties of QD lasers, based on a set of multi-population rate equation (MPRE) model [19], [21]. The MPRE model
takes into account the SCH, the RS, the first two ESs and the GS inside the dots. The broadening is incorporated by
considering a Gaussian shape distribution of the dots based on the inhomogeneously broadened absorption spectrum
[17]. Numerical analysis shows that the inhomogeneous broadening increases the lasing threshold, broadens the gain
spectrum as well as enhances the a-factor of the GS lasing. For the small-signal AM response, the modulation bandwidth
is reduced for a given bias current. Meanwhile, two featured regimes are identified depending on the energy separation
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between the ES and the GS. When the inhomogeneous broadening is smaller than the ES-GS separation, the differential
gain, the gain compression factor and the K-factor decrease when the broadening increases, while the K-factor increases.
Once the broadening is larger than the ES-GS separation, the K-factor first drops to a low value and then increases as a
function of the broadening. However, the differential gain and the gain compression factor are slightly enhanced while
the damping factor offset remains almost constant.

2. RATE EQUATION MODEL

The MRPE model used in this work relies on the exciton approximation, in which the electron and the hole are treated as
a neutral pair. The model takes into account the presence of the SCH barrier, the RS, two excited states (ES,, ES,, and

the GS. The charged carriers are firstly injected into the SCH barrier, and then transport into the RS within a time 755

From the RS, carriers are captured into the ES, within a time 7, , followed by the ES,; within a time 7, . Finally, the

carriers relax into the GS within a time z/;', where the laser emission occurs. In order to incorporate the effect of the
size fluctuation of the dots, the QD ensemble is divided into N subgroups, and for each group the average energies are
given by Eggy, Egson, and Egg,, respectively (n=1,2,...,N). The occupation probability of the subgroup # in the state X
(X=ES,, ES,, GS) is given by Oy ,. The carrier escape times from lower energy back to higher energy states are

calculated following the quasi-Fermi distributions of carriers. The detailed balanced condition applied to the escape is
introduced in [22]. Thus, the carrier dynamics are described by the following equations:

dN. I N, N,
T e M
dt qV T Tocu
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where G,,, is the existence probability of the nth subgroup dots, which satisfies the Gaussian distribution and

z G, [21]. The longitudinal optical modes inside the laser cavity are also grouped into M families, each one

havmg an energy E,. The coupled photon rate equation for the mth family is given by

ds,,
B 3 ©
P
N
where the gain at mode energy E,, is given by g(£,,) = zz g. , with g* the material gain at E,, owing to the state X
X n=1
of the nth subgroup dot:
2
gg: = luGSCgNB | (szS,n - ) evnPey B, (E, EGS,n) (7
GS.,n
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where #gs =2, fyg =4, and s, =6 are the degeneracies including the spin of the GS, ES,, and the ES,. C, is a

2
constant as C is the transition matrix element of the

4

=27hq* | (cn,g,mg ) [21], Ny is the dot density per unit area, ‘ P;

interband recombination [19], and B, (£, — E X’,,) is the Lorentzian homogeneous broadening function. Symbols

R;'ff " and R‘}fqn represent the Auger and the spontaneous recombination rates of the carriers in the state X of the dot

group n, respectively [22]. The stimulated recombination rate R‘;(t,,, is:

M
RY,=T,v,> gnS, (10)
m=1

The variation of the refractive index is due to the changes of the carrier density in the dots and in the RS. The
contribution from the dots (Any, ) is related to the gain change through the Kramer-Kronig relations, whereas the

contribution from the RS ( An,y ) originates from the plasma effect and is evaluated by the Drude model [23], [24]. Thus,

the total refractive index variation An(E,)) at lasing energy E,, is given by

An(E'm) :Andot(Em)JrAnRS(Em) (11)
. 2
fic y |PX|
Andat(Em) :rp_CgNBZz/’lX (szn _1)chnDL-v(Em _EX n) (12)
2E‘m X n=l EX,n | | |
r ¢°N
Mgy (B,) = =212 (13)
2n,e,m @,

where D,, is the homogeneous broadening function of the refractive index [7], and £,, =%®, . Based on the gain and
refractive index expressions, the a-factor of the laser can be finally obtained by

@, S| M(E,)]
¢ O[gE,)

where the variations of the gain and the refractive index are induced by a small-step current change.

o, (E,)=—2 (14)

3. SIMULATION RESULTS AND DISCUSSIONS

In the simulations, all parameters of the InAs/InP Fabry-Perot QD laser under study are listed in Table I. The dots are
divided into 41 subgroups, and the inhomogeneous broadening linewidth is varied from 30 meV to 80 meV. The optical
modes are divided into 63-98 lines depending on the broadenings. We first investigate effects of the inhomogeneous
broadenings on the steady-state properties and secondly on the dynamic characteristics.

Figure 1 shows that the threshold current is increased by almost 3 times from 6 mA to 17 mA when the broadening
linewidth increases from 30 meV to 80 meV. The carrier occupation probabilities of the GS, ES;, and ES, central
subgroups also increase for broadening linewidth values smaller than 60 meV, while slightly decrease for broadenings
larger than 60 meV. The crossover between the two regimes occurs when the broadening reaches the value of the mean
energy difference between the GS and the ES; (56 meV as shown in Table I). Therefore, for broadenings smaller than
this energy difference, only carrier populations in the GS contribute to the gain peak. For larger broadenings, not only
carriers in the GS contribute to the lasing process but also those in the ES;, hence slightly reducing the carrier occupation
probability.
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Table I. QD material and laser parameters used in the simulations

Symbol Description Value Symbol  Description Value
L Active region length 8.3x107 cm Egs, Recombination energy 0.905 eV
W Active region width 4x10™ cm Egsi Recombination energy 0.856 eV
R;=R, Mirror reflectivity 0.32 Egs Recombination energy 0.800 eV
n, Refractive index 3.5 T ;SCH Transport time 1.2 ps
(04 Internal modal loss 4cm’! 2'?52 Capture time 2.1 ps
Np Dot density 7x10" cm™? nglz Relaxation time 1.2 ps
Hg Dot height 5%x107 cm Tgfl Relaxation time 1.2 ps
Niayer QD layer number 6 Tp Dephasing time 0.1 ps
Current injection Optical confinement
n ) 0.8 r, 0.06
efficiency factor
) Spontaneous emission .
Esch —Egs Energy separation 50 meV ﬂSP 1x10°
factor
Ers —Egs2 Energy separation 40 meV N Dot subgroup 41
Homogeneous broadening width 5 meV M Photon subgroup 63-98
T T T T T T 1 '0

_ 161
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Figure 1. Variations of the laser threshold current and the carrier occupation probabilities for the QD subgroup at the
center of the QD distribution (214 subgroup) as a function of the inhomogeneous broadening.

Figure 2(a) presents the net modal gain spectra at threshold based on Egs. (7)-(9). For a broadening equal to 30
meV, the laser exhibits one narrow positive gain peak, located slightly below the average recombination energy Egg of
the GS. For broadening linewidth values of 40 and 50 meV, another peak appears due to the carrier population in the ES.
It is noted that this peak is not located at Egg;, because the peak position is determined by both the dot existence
probability (Gaussian distribution) and the carrier occupation probability (Fermi distribution) for each dot subgroup. For
the broadening linewidth of 60 meV, the GS and the ES; peaks begin to merge. For values up to 70 and 80 meV, the two
peaks merge each other and form a broad gain spectrum. Carriers in the GS mainly contributes to the low-energy part of
the gain, while carriers in the ES; contributes to the high-energy one. Following Egs. (11)-(13), figure 2(b) shows the
refractive index change An(E,) for different inhomogeneous broadenings. The index change is on the order of 10,

while the overall variation of the spectra is relatively complex. At the lasing energy Egs, An(Eg) decreases with the
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increased broadenings. Figure 2(c) shows the threshold o-factor as a function of the photon energy for various
inhomogeneous broadenings. Generally, the o-factor decreases with the increased photon energy. For low lasing
energies, narrow inhomogeneous broadening leads to a smaller a-factor; while it is opposite for the high lasing energy
case.
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Figure 2. (a) Net modal gain (T ,8(E,)-a,), (b) the refractive index (An(E,) ), and (c) the corresponding a-factor
calculated at the lasing thresholds for various inhomogeneous broadenings. The dashed line indicates Egs.

In order to obtain the AM response, we apply a step-function like current A/(#) (1.5 mA) to the rate equation system,
then the photon response AS(f) is calculated in the time domain. Performing the Fourier transform to both the current

and the photon responses, the AM response is obtained by AS(f)/AI(f). Figure 3(a) shows the calculated AM
responses for various inhomogeneous broadenings at a fixed bias current of 45 mA. In the first regime where the
inhomogeneous broadening is smaller than the GS-ES; separation (56 meV), the modulation bandwidth is reduced from
4.8 GHz for broadening linewidth of 30 meV down to 2.7 GHz for 50 meV. In addition, the response is rather flat due to
the strong damping of QD lasers [12]. However, in the second regime where the broadening linewidth is larger than the
GS-ES; separation, the modulation bandwidth is slightly enhanced while the resonance peak appears in the responses.
This difference is attributed to the carrier contribution of the ES, which is known to lead to a broader modulation
bandwidth [19], [25]. As usually performed in experiments, we employ the well-known modulation transfer function
described in [26] to fit the AM responses, in order to derive the resonance frequency f; as well as the damping factor
I . Figure 3(Db) is a plot of the extracted damping factor as a function of the square of resonance frequency for different
inhomogeneous broadenings. The studied pump currents range from near threshold up to 105 mA. Through linear fitting,

the K-factor K as well as the damping factor offset I'y can be extracted employing the relation T = Kf; + T, [26], and
the results are shown in figure 4 as a function of the broadening linewidth.

80 T T T T
r=kr2+r, (b)
— N 60 /./ ]
o T
2 e
o =
7] S
8 5 40} i
e 8 —=—30 meV
o 2 —e— 40 meV
= s —z— 50 meV
< E 20p —+—60 meV |
= —a—70 meV
—A—80 meV
1 1 1 0 1 1 1 1
0 3 6 9 12 0 10 20 30 40 50
Modulation frequency (GHz) Square of resonance frequency (Gsz)

Figure 3. (a) Calculated AM response at 45 mA for the different inhomogeneous broadenings. (b) Damping factor
versus the square of the resonance frequency for various bias currents.

Figure 4 reveals two different dynamical regimes separated by the mean GS-ES; energy separation (56 meV). The
K-factor firstly increases from about 0.7 ns for a broadening linewidth of 25 meV to a maximum of 1.4 ns for 50 meV.
Then, the K-factor value goes down significantly for broadening linewidths close to the GS-ES; separation. At the
linewidth of 60 meV, the K-factor is reduced to about 0.9 ns. For larger broadening linewidths, the K-factor keeps
increasing again. As for the damping factor offset, it firstly decreases with the broadening linewidth from 22.5 GHz for
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linewidth of 25 meV down to about 10 GHz for 45 meV. Then, the offset value remains almost constant for broader
linewidths.

25 T T T T T T T T T 1.8
: :
g | 41.6
= 20F I —_
2 | ! {1.4 %
8 15 - 1.2 3
[] o 11. o
g VAR
8 L ! — 4
> | / 411.0
£ 10 —y—a— —
g‘ I | ‘-/. \l |
© / | 10.8
o I | ]

5 s 1 s 1 L 1 A 1 s 1 s 1 L 06

20 30 40 50 60 70 80 90
Broadening linewidth (meV)

Figure 4. The calculated damping factor offset I', and the K-factor K as a function of the inhomogeneous
broadening linewidth. The dashed line indicates the mean GS-ES energy separation (56 meV).
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Figure 5. The calculated differential gain @ and the gain compression factor ¢ as a function of the inhomogeneous
broadening linewidth. The dashed line indicates the mean GS-ES energy separation (56 meV).

On the other hand, through the relation between the resonance frequency and the photon density S as well as the
expression of the K-factor [26] as follows, the differential gain @ as well as the gain compression factor & can be

obtained.
2 Vg
= aS 1
S 47r2rp (15)
K=47Z'2(2' +iJ (16)
P
v,a

with 7, the photon lifetime, and v, the group velocity of light. Figure 5 shows the results as a function of the

broadening linewidth. It is demonstrated that the behaviors also exhibit two distinct regimes. When the broadening
linewidth is smaller than the mean GS-ES, energy separation, both the differential gain and the gain compression factor
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decrease. However, on the opposite both undergo a small increase as a function of the inhomogeneous broadening
linewidth in the second regime.

4. CONCLUSION

This work investigates the effects of inhomogeneous broadening on the steady-state and modulation properties of a QD
laser based on a MPRE model, taking into account carrier dynamics in the SCH barrier, the RS, two ESs and the GS.
Two dynamical regimes are identified. When the inhomogeneous broadening linewidth is smaller than the GS-ES energy
separation, only carrier populations of the GS contribute to the lasing dynamics. The K-factor increases while the
differential gain and the gain compression factor decrease with the broadening linewidth. Once the broadening linewidth
is larger than the GS-ES energy separation, both carriers of the GS and the ES contribute to the modulation dynamics.
The K-factor first reduces significantly and then re-increases with the broadening. In addition, the differential gain and
the gain compression factor are slightly enhanced in this regime. These results give various insights on the underlying
physics of QD lasers that can be exploited for the future high bandwidth and energy saving optical communication links.
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