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In this paper, for the first time, we present a semiclassical noise model for INAs/GaAs quantum
dot (QD) laser considering two photon modes, i.e., ground and first excited states lasing. This
model is based on the five level rate equations. By using this model, the effect of temperature
variations on relative intensity noise (RIN) of QD laser is investigated. We find that the RIN
significantly degrades when excited state (ES) lasing emerges at high temperature. Furthermore,
we investigate the influence of the quantum dot numbers on the RIN properties.
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1. Introduction

Quantum dot (QD) lasersareimportant optical sourcesin optoel ectronic communication
systems. Low threshold current, wide frequency bandwidth, and low frequency chirp
are advantages of theselasers[1, 2]. Intensity noise playsadestructiverolein coherent
optical communication systems. QD laser is a key component in these systems.
Therefore, analysis of relative intensity noise (RIN) of QD lasersis very important.
Theoretical analysis of intensity noise, in quantum cascade laser and single mode
qguantum dot laser, has already been reported [3,4]. Recently, athough many
theoretical models for modulation response of two mode QD lasers have been
described [5, 6], no studieshave been made showing RIN characteristic of theselasers.

Noise behavior can be analyzed by introducing the Langevin noise terms into
therate equations. Thefivelevel rate equations, including two discrete electron energy
levels and the level of wetting layer (WL) have been used to investigate the RIN of
QD laser. The thermal carrier emission from excited state (ES) to the wetting layer
and from the ground state (GS) to ES are added to the rate equations to demonstrate
the influence of temperature on the RIN characteristics.
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The paper is organized as follows. In Section 2, a semiclassical noise model for
QD laser isintroduced. In Section 3, anumerical resultsof RIN are presented. Finally,
conclusion is presented in Section 4.

2. Semiclassical noise model

To determine the RIN of laser, we must obtain the spectral density of output power.
For this purpose, first we add Langevin noise sources to the rate equations [6]:
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where ng, ny, and n,, are the carrier numbers in the GS, ES, and the wetting layer,
respectively; s, and s; denote the total photon population in GS and ES, respectively;
go and g, are the linear optical gains for GS and ES of QD laser. The associated time
constants are carrier relaxation from wetting layer to ES (t,,), carrier thermal escape
from ES to the wetting layer (t,), carrier relaxation from ES to GS (ty,), carrier
thermal escape from GSto ES (tyy), and spontaneous emission lifetime (tg,). Wand L
are the width and length of laser cavity, n isthe refractive index of the active region,
o is the total loss, Ny is the total number of dots, and S is the spontaneous
emission factor. Fo(t), F,,(t) and F,,,(t) and are noi se sources associated with carriers
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inthe GS, ES, and the wetting layer, respectively. Fy(t) and Fg(t) are noise sources
for photons due to spontaneous emission. Thethermal escapetimesaregivenby [6, 7]:
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where E;, and E,; aretransition energiesfrom the ESto the GS and from wetting layer
to the ES, respectively. Py, P4, and P, represent the degeneracy of GS, ES, and wetting
layer, respectively.

In the Markovian assumption, the Langevin noise sources satisfy [2, 3]:
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where angle brackets denote ensemble average and Dj; is the diffusion coefficient

associated with the corresponding noise sources. The diffusion coefficient can be
expressed as:
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where Nyge, Nger Nwder Soder aNd Sy are the average values obtained from the steady
state solution of Egs. (1)—(5). Thetotal photon number S; is obtained by adding photon
numbers in the cavity with ES and GS resonant energies.

With small signal analysis of therate Egs. (1)—(5), and using the Fourier transform,
we obtain the following linear algebraic equations
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where Ang(w), An;(w), and An,(w) are the carrier fluctuations in GS, ES and
the wetting layer, respectively. Asy(w) and As;(w) are the photon fluctuations in GS
and ES, respectively. The above matrix elements, are given by:
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Solving Eg. (20) with respect to the total photon fluctuation Asy, one can write:

1
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The total relative intensity noise (RIN) is defined as:
RIN(w,) _ 28,(Wp)
2
af (Srao)

where S,(Wp) isthe spectral density at a frequency wy, Sy isthe total photon number,
and Af isthe bandwidth of spectrum analyzer filter.
The spectral density isgiven by [2, 3]:

(24)
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The RIN is given by using Egs. (22)—(26):
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+ 4anane(rnw rnl) + 4Dn1n0Re(rnl rnO) + 4Dnlise(rn1 rsl) +

+ 4DnOsORe(rnsO rso)] (27)

where Re(...) denotes real part of a complex number.

3. Results

In this section, we analyze the RIN of QD laser. The QD laser used in our simulation
is grown by molecular beam epitaxy. The active region is formed by five layers of
InAs QDs, which are covered by a 4 nm Ing 1,Gag g3AS strain reducing layer and
separated from each other by a 40 nm GaAs spacer layer. The areal dot density is
25x10'° cm™. The laser cavity is covered by 1.4 um of Al , ,Ga, gAs which is n-type
on the substrate side and p-doped on the top side. The cavity length is 1000 um while
itswidthis4 um. Thefacetswere coated withreflectivity of 60% and 95%, respectively.
The values of the parameters used in numerical calculation, arelisted in the Table.

Figure 1 shows the calculated output photon numbers for the GS and ES as
afunction of injected current at 50 °C. As shown in Fig. 1, the GS threshold current
is 15 mA and once the second lasing of the ES appears at about 70 mA, the emission
of the GS saturates completely and the ES emission increases linearly. Thisresult is
in agreement with measured result reported by Penc-Fel Xu et al. [6].

Tabl e QD laser parameter values[5, 6].

Symbol Description Value

Ny Aredl dot density 25x10%0 cm
% GS saturation gain 20cm™

g ES saturation gain 40 cm

tey Spontaneous emission lifetime 1ns

W Cavity width 4um

L Cavity length 1000 um

n Carrier injection efficiency 0.6

o Total loss of cavity 540 cmt

Yij Spontaneous emission factor 10°

Ng Refractive index 3.6

c Speed of light 3x108 m/s
tw1 Carrier relaxation lifetime from WL to ES 1ps

tio Carrier relaxation lifetime from ESto GS 2ps

q Electron charge 1.6x10° C
kg Boltzmann constant 8.617x107° eV/K
Py Degeneracy of the GS 2

Py Degeneracy of the ES 4

Eio Transition energy of electrons from ESto GS 46 meV

Eni Transition energy of electrons from WL to ES 200 meV
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Fig. 1. Calculated photon numbers in the cavity as a function of injected current.

Before the bias current of 70 mA, the laser emission wavelength is 1.307 um
corresponding to the GSlasing. When increasing the bias current to 70 mA, two differ-
ent emission wavelengths of 1.233 um (ES) and 1.304 um (GS) exist simultaneously
with the energy separation between the two states of 55 meV.

Figure 2a, shows the calculated RIN under different injected current at 20 °C. It
can befound that theincrease of bias current from 50 to 90 mA leadsto the lower RIN.
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Fig. 2. Calculated RIN as a function of frequency for different injected current at T = 20 °C (a),
T =50°C (b), and T = 60 °C (c).
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Also, with an increase of the injected current, the resonance peak shifts to higher
frequency. Figure 2b shows the calculated RIN at 50 °C, when the bias current
increases from 50 to 90 mA. As shown in Fig. 2b, when the bias current is under
70 mA, the RIN showsthe samerule asthat at 20 °C, but for the bias current of 80 mA
and 90 mA, the RIN significantly degrades, especially at low frequencies. In Figure 2c,
the bias current for this significant degradation in the RIN decreasesto 70 mA.

Figure 3 shows the variation of average value of RIN with injected current at
different temperatures. It showsthat, at atemperature of 50 °C, asthe injected current
increases from 70 to 120 mA, the RIN first slightly degrades and then goes down
slowly. At a temperature of 60 °C, the bias current for this degradation in the RIN
decreasesto 60 mA. At atemperature of 20 °C, the condition for population inversion
of ES cannot be satisfied even at the injected current of 120 mA. We can find that,
as the injected current increases at first, the optical power increases, and therefore
the RIN is enhanced. But when the ES lasing occurs, the limited relaxation time from
the ES to the GS degrades the RIN. Therefore, theoretical analysis demonstrates that
ES lasing can degrade the RIN of QD laser at elevated temperature.
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Fig. 3. Variation of average value of RIN in the frequency range 0.1-10 GHz versus current, for different
temperatures.
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Fig. 4. Calculated RIN as a function of frequency for different QD densitiesat T = 50 °C.
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To eliminate this problem, doping QDs with acceptors are proposed. Owing to
thelarger separation of electron levelsin QDs, theinjected electronslie mostly in their
ground states. The large hole occupancy built in by the p-doping ensures that injected
electrons always find ground state holes to recombine.

Figure 4, shows the RIN as a function of frequency for different QD numbers. As
shown in the figure, the RIN is enhanced for lower QD numbers. Indeed, decreasing
QD numbers leads to a higher occupation probability, which results in higher output
power, and consequently, enhancement of the RIN.

4. Conclusions

We have presented a semiclassical model for intensity noise of two mode INAS/GaAs
QD laser based on the five level rate equations. We have found that ES lasing can
degradethe RIN of QD lasers at elevated temperature. Also, we found that decreasing
the QD numbers leadsto alower RIN.
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