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Abstract This paper investigates the influence of gain com-

pression factor on the modulation response of InGaAs/GaAs

self-assembled quantumdot laser based on rate equations. For

different gain compression factors the output power-current

characteristics, light emissions of quantumdot laser havebeen

simulated and effect of gain compression factor changes on

quantum dot laser is illustrated. Also, small and large-signal

response of quantumdot lasers is studied and the impact of the

gain compression factor is presented. It explains that increase

of gain compression factor, decreases small-signal modula-

tion characteristics, nevertheless, improves large-signal

response of quantumdot lasers. It helps to generate better laser

signal quality, higher eye and smaller jitter. The large-signal

behavior of a laser diode determines its capability for digital

data transfer. Themodulation speedof quantumdot lasers is of

specific importance if such lasers are considered for optical

communication systems.

Keywords Gain compression factor � Small signal

modulation � Quantum dot lasers

Introduction

Several unique properties of quantum dot lasers make them

attractive for many future optical communication applica-

tions. Quantum dots (QDs) have been proposed as a possible

route to increase the modulation speed of semiconductor

lasers. Since its first demonstration, self-assembled quantum

dot lasers attracted great research interest due to their unique

physical properties and quantum dot lasers have demon-

strated several advantages for use in fiber optic communi-

cation systems. A QD laser has the potential to achieve very

high differential gain, and the gain spectral width, to be

reduced to less than that of planar quantum wells [1]. In

contrast, because the planar quantum well has a continuous

density of states, the room temperature, probability is small

for its electrons and holes to occupy only those states that

couple to the lasing mode. In principle, a QD active region

can couple every injected electron and hole to the lasing

mode so that the change in gain per change in injected

electron is increased over a planar well [2]. The advantages

of quantum dots over quantum wells are due to their unique

density of states resulting from three-dimensional confine-

ment of carriers [3]. Ultralow threshold current and high

temperature stability has been demonstrated for 1.3 lm self-

assembled quantumdot (QD) lasers bymany research groups

[4–7]. It is also proved that QD lasers would have a large

modulation bandwidth due to the high differential gain of

three dimensional confined QD states [8].

The small-signal bandwidth of semiconductor lasers is

commonly used to predict their large-signal modulation

capabilities. The 1.3 lm emission self-assembled InGaAs/

GaAs dots were first formed in 1994 by the alternate supply

of Group-III and IV source materials with the quite low

growth rate in metal–organic vapor phase epitaxy [9]. Some

properties of self assembled quantum dot lasers (SAQDL)

have been studied in [9–11]. Simulation of quantum dot

lasers with two lasing states for InGaAs/GaAs quantum dot

lasers emitting in 1.3 lm wavelength is also presented in

[12–14]. Similar studies for (113)B InAs/InP quantum dot

lasers are considered in [15, 16] Note that at high bias

condition, it has been shown in the aforementioned studies

that the transition of lasing state occurs from the ground
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state to the excited state. Differential gain and linewidth

enhancement factor are studied in [17, 18]. The influence of

the P-doping and tunneling injection on the modulation

response of quantum dot lasers are studied in [2, 19].

Impacts of gain compression factor on dynamic and static

characteristics quantum dot laser are presented in [20–23].

In the present work, a numerical method based on rate

equations is used for modeling the InGaAs/GaAs SAQDL

to analyze the light–current and modulation response of the

QD-laser is presented. We present a thorough analysis of

the modulation characteristics of InGaAs/GaAs SAQDL

considering the gain compression factor, carrier relaxation

and carrier escape. To our knowledge, this paper is the first

one which describes the impact of gain compression factor

on modulation response by solving the rate equations.

Moreover, in this paper, we study the effect of gain com-

pression factor in both small-signal and large-signal mod-

ulation response of InGaAs/GaAS quantum dot lasers

which have great importance in optical communication. It

is shown that the increase of the gain compression factor

causes reduction of modulation bandwidth and improves

large-signal properties of quantum dot lasers.

In this paper, first the physics and theory of the InGaAs/

GaAs SAQDL is presented and then results are discussed.

The role of gain compression factor is highlighted and it is

shown that it plays an important role in the quantum dot

laser modulation. Finally, conclusions are presented in the

last section.

Physics and modeling

In the following, a numerical model is used to study carrier

dynamics in the lowest energy level of an InGaAs/GaAs

quantum dot system. In this model, dominant dynamics of

carriers and photons such as carrier relaxation, capture and re-

excitation rates to dots, radiative and nonradiative recombi-

nation rates of carriers, inhomogeneous broadening of dot

resonant energy primarily due to the size fluctuation of dots are

considered. The most popular and useful way to deal with the

carrier and photon dynamics in lasers is to solve the rate

equations for carriers and photons. Here, we present a coupled

set of rate equations to calculate the lasing properties of

quantumdot lasers. Ourmodel describing the carrier dynamics

in QD lasers is based on the experimental works [10, 24, 25]. It

is assumed that only a single, discrete electron–hole ground

state is formed inside a quantum dot and that charge neutrality

always holds on each dot. Figure 1 shows the physical struc-

ture and scheme of the carrier transition process in the active

region of self-assembled quantum dot lasers. In this figure, Ns

and Nq are carrier numbers in separate confinement

heterostructure (SCH) andwetting layer, respectively.We also

consider that Nn is the carrier number in the quantum dot. The

injected carriers diffuse through the SCH layer, relax into the

quantum well (QW), and then relax into the dot.

Above lasing threshold current, carriers in the ground

state emit photons into the lasing mode primarily due to the

stimulated emission process. To study the gain compres-

sion factor impact on quantum dot laser, for simplicity in

this model, we neglect cavity internal modes and we con-

sider a single mode rate equation model. The rate equations

for the carrier–photon system are:

dNs

dt
¼ I

e
� Ns

ss
� Ns

ssr
þ Nq

sqe
; ð1Þ

dNq

dt
¼ Ns

ss
þ Nn

se
� Nq

sqr
� Nq

sqe
� Nq

sd
; ð2Þ

dNn

dt
¼ Nq

sd
� Nn

sr
� Nn

se
� ðc=nrÞgtotC
1þ emCS=Va

S; ð3Þ

dSm

dt
¼ ðc=nrÞgtotC

1þ emCS=Va

S� S

sp
þ bNn

sr
: ð4Þ

Here, Va is the active region volume b is the sponta-

neous-emission coupling coefficient and I is the injected

current. The associated time constants are: diffusion time

in the SCH region (ss), carrier non-radiative recombination

lifetime in the SCH region (ssr), carrier re-excitation time

from the quantum dot to the wetting layer (se), carrier non-
radiative recombination lifetime in the wetting layer (sqr),
carrier relaxation lifetime into quantum dot (sd) and non-

radiative recombination lifetime in the quantum dot (sr).
For simplicity, carrier re-excitation lifetime from the

quantum well to the SCH region (sqe) is neglected. The

maximum optical gain at the center of the broadening

function is given as [20]:

gð1Þm ¼ 2pe2�hND

cnre0m2
0

Pr
cv

�
�

�
�
2

EcvCin hom

ð2P� 1Þ; ð5Þ

Fig. 1 Energy band diagram for the active region of InGaAs/GaAs

SAQDL
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where e0 ¼ Cin hom=2:35 and the full-width at half maxi-

mum (FWHM) is Cin hom, Pr
cv

�
�

�
�
2
is the transition matrix

element, nr is the refractive index, Ecv is the inter-band

transition energy. According to Pauli’s exclusion principle,

occupation probability in the quantum dot ground state P is

related to N as [22]:

P ¼ N=ð2NDVaÞ; ð6Þ

where N is the population of carriers in the dot and ND is

the dot density.

The maximum optical gain, including nonlinear sus-

ceptibility, is written as [26]:

gtot ¼ gð1Þm þ gð3Þm ¼ gð1Þm 1� emCS=Va½ � ffi g
ð1Þ
m

1þ emCS=Va

;

ð7Þ

where em is the third-order nonlinear coefficient [27].

em ¼ hq2

2pn2rm
2
0e0

P2
cv

�
�

�
�

�hx
sp
Fho

; ð8Þ

Coverage factor is considered as:

n ¼ NDVD; ð9Þ

where VD is the volume of a dot. The photon lifetime in the

cavity sp is given as:

s�1
p ¼ ðc=nrÞ ai þ ln 1=R1R2ð Þ= 2Lcað Þ½ �; ð10Þ

where R1 and R2 are the cavity mirror reflectivity coeffi-

cients and ai is the internal loss.

To calculate the small-signal modulation response of the

laser we have applied the current I ¼ I0 þ IðxmÞ expðixmtÞ
with a modulation angular frequency of xm, to the laser.

By use of calculation of [21], the resultant modulation

response function of the laser is given as:

MðxmÞ ¼
1

1þ x2
ms

2
d

� �1=2
1þ x2

ms
2
s

� �1=2

Q

x2
m � x2

r

� �2þc2x2
m

h i1=2
;

ð11Þ

x2
r ¼

CS0g0

sp 1þ emCS0=Vað Þ 1þ em=Va

g0sr

� �

; ð12Þ

c ¼ CS0g0

1þ emCS0=Va

þ emCS0=Va

sp 1þ emCS0=Vað Þ þ
1

sr
; ð13Þ

Q ¼ CS0g0

1þ emCS0=Va

; ð14Þ

and g0 is differential gain:

g0 ¼ c

nr

og
ð1Þ
m

oN
; ð15Þ

where xr is the relaxation oscillation frequency and c is

damping factor. The 3-dB bandwidth limited by the

relaxation lifetime of sd is given as:

f3dB ¼ 2psdð Þ�1; ð16Þ

We have considered typical SAQDL material and geo-

metrical parameters such as those given in Table 1

[8, 24, 28].

Table 1 Parameters used in

SAQDL modeling [8, 24, 28]
Symbol Description Value

s0 Carrier relaxation lifetime 10 ps

ss Carrier capture time in SCH region 1 ps

ssr Spontaneous emission lifetime in SCH 2.8 ns

sqr Carrier recombination lifetime in QW 3 ns

sr Recombination lifetime in QD 2.8 ns

sqe Carrier scape time from QD to WL 3 ns

R Radius of a QD (Cylindrical shape) 8 nm

H Height of a QD (Cylindrical shape) 5 nm

R1 Right facet reflectivity 30%

R2 Left facet reflectivity 90 %

Lca Cavity length 900 lm

C Optical confinement factor 6%

ai Intrinsic absorption coefficient 6 cm�1

nr Refractive index 3.5

b Spontaneous emission coupling coefficient 10�4

D Spin–orbit interaction energy of QD material 0.35 eV

Eg Band gap energy 0:8 eV

Va Active region volume 2:2� 10�16 m3
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Results and discussions

By using the rate Eqs. (1)–(4) and Eq. (11), it is possible to

study the dynamic characteristics and modulation response

of InGaAs/GaAs quantum dot lasers. Results of simulations

are presented in this section. Value of gain compression

factor is chosen around em ¼ 10�22 m3, which it corre-

sponds to the regular formalism [29, 30].

In Fig. 2 photon density versus time for different gain

comparison factors has been illustrated. As it can be seen,

by increasing the gain compression factor, the carrier

relaxation oscillation frequency and photon number has

been reduced. It is related to the decrease of the optical

gain of the quantum dot laser.

In Fig. 3 output power versus injected current for different

gain compression factors have been presented. Aswe can see

from Fig. 3, increase in the gain compression factor leads to

decrease in output power and slope efficiency. It is due to the

fact that when gain compression factor raises the nonlinear

saturation gain reduces and it leads to decrease of differential

gain that, it contributes to degrade in the output power and

slope efficiency. Increase of gain compression factor does

not affect the threshold current of quantum dot laser. It is

because gain compression factor changes gain of the laser in

the injection currents of the upper threshold current.

Gain compression factor, causes output power rollover

in quantum dot lasers. In Fig. 3, increase of gain com-

pression factor, reduces threshold of the output power

rollover to lower injection currents and it starts in lower

injection currents. For gain compression factor of 10�
10�22 and 20� 10�22 output power rollover appears at

injection currents of around 7 and 3mA respectively.

Figure 4 shows the modulation response for different

injected currents. It illustrates that, increase of injected

current leads to increase modulation bandwidth and

decrease relaxation oscillation frequency and peak ampli-

tude of quantum dot laser. This corresponds to results of

InAs/InP quantum dot lasers [31].

Quantum dot lasers suffer from larger gain compression

factors (10�22–10�21m3) as compared to their quantum

well counterparts (10�25–10�23m3) which can also alter the

modulation dynamics [32]. Figure 5 illustrates modulation

response for different gain compression factors. This fig-

ure indicates that relaxation oscillation frequency, peak

amplitude, and modulation bandwidth reduce with

increasing of the gain compression factor. The larger gain

compression clearly suppresses the resonance peak and

reduces the modulation bandwidth. The resonance fre-

quency for 1� 10�22 is 11:4GHz and by increase of gain

compression factor, it is decreased.Fig. 2 Photon density versus time for various gain compression

factors

Fig. 3 Light current characteristics of quantum dot lasers for various

values of gain compression factors

Fig. 4 Modulation response of quantum dot laser for different

injected currents
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To study large-signal properties of quantum dot lasers,

we introduce a digital injected current to the laser. In

Fig. 6, the injected current changes between 0.0007 and

0.0022 A every 0.5 ns. Figure 7 shows the digital photon

number for the repetition frequency of 2 Gib/s in 1�
10�22 m3 gain compression factor.

In Fig. 7, it is demonstrated, when injected current

increased to higher values of more than threshold current,

after a small turn on delay, the photon number is increased

to higher values.

By using digital injected current, it is possible to accu-

rately model the measured eye diagram [33]. Figure 8a–c

show eye diagram for gain compression factor with values

of 1� 10�22, 5� 10�22, and 10� 10�22 m3. It is shown

that, for low gain compression factors the eye height is low.

Increase of gain compression factor, appears the larger eye

height and smaller jitter. The eye diagram is improved by

increasing of gain compression factor. It is notable that the

eye height is directly associated with the noise. By

increasing gain compression factor, eye height increases

and so eye becomes more open and noise decreases.

It is demonstrated that, quantum dot lasers with a large

nonlinear gain compression factor have narrow small-sig-

nal bandwidth, but are capable of large-signal modulation

at very high rates.

Conclusions

In this paper a theoretical model has been used to inves-

tigate the modulation properties of InGaAs/GaAs quantum

dot laser. The numerical model takes into account gain

compression factor. Variation of gain compression factor,

does not affect ground state threshold current of the laser

but it degrades the photon number and consequently,

reduction of output power in the InGaAs/GaAs quantum

dot laser is demonstrated. It is shown that increase of the

gain compression factor, decrease resonance frequency,

relaxation oscillation frequency and modulation band-

width. Despite gain compression factor limits small-signal

response of the quantum dot lasers, the eye diagram of the

large-signal modulation of the laser is improved for large

values of gain compression factor. As we increase gain

Fig. 5 Modulation response of quantum dot laser for different gain

compression factors

Fig. 6 Digital injected current versus time

Fig. 7 Large-signal photon number of QD laser in 1� 10�22 m3 gain

compression factor
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compression factor, we realize clear eye opening with

small jitter. QD lasers with a high nonlinear gain com-

pression factor have narrow small signal bandwidth, but are

capable of large-signal modulation at very high rates.
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tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give
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made.
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