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Abstract

The effect of increasing of carrier temperature in wetting layer of semiconductor optical amplifier has
been modeling. The occupation probability, carrier heating relaxation, spontaneous emission and free
carrier absorption have been included in our formalization. The numerical calculations showed the
occupation probability directly proportion with carrier heating time as a result of reduction of carrier
density in wetting layer. Also, the reservoir carrier temperature is directly proportional with the full
width at half maximum of injected pulse and carrier heating lifetime. The numerical calculations that
are showed; the carrier heating in the rate equations satisfies the thermal equilibrium between the

lattice and carriers.
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1. Introduction

Carrier heating (CH) in Quantum dot semiconductor optical amplifiers (QD SOAs) has been attracted
more attention in the last years [ 1-3]. Several of theoretical studies have been introduced for simulating
nonlinear gain coefficients and carrier temperature in quantum dot structure [4-7]. From the theoretical
results [8,9], it is become clear that the carrier heating and spectral hole burning effected strongly on
nonlinear gain coefficient. Carrier heating and spectral hole burning in semiconductor optical
amplifiers defined the gain suppression which strongly related with modulation bandwidth [10] and
four-wave mixing [11,12].

The major sources of heating effects in semiconductors are current injection, stimulated emission,
Auger process and free carrier absorption (FCA). The injected carriers must release their access energy
before reaching the lowest energy subbands. This energy will contribute to increase carrier temperature
[6]. In stimulated emission the "cold carriers" which are close to the band edge are removed [13]. The
FCA mechanism includes photon absorption by the interaction of free carriers within the same band
[14]. This process transforms the carriers into higher energy states, and consequently the temperature
and energy of the carriers will increase. As the temperature of the carriers is higher than that of the
lattice, thermalization will occur where the carriers transfer their excess energies to the crystal lattice
through interaction with phonons [15].

In this paper, a theoretical model has been introduced to simulate carrier temperature in QD SOAs
taking into account carrier reservoir. This model is more general than the model introduced by [3,16],
which included the most of heating sources and inclusion of excited state which does not studying

earlier.

2. Carrier Heating Temperature Model
The carrier dynamics are described by the rate equations for electrons in GS, ES, and WL which is
serving as a carrier reservoir. This is because of the much larger effective mass of holes and lower
quantization energies of QD levels in the valence band results in a faster relaxation of holes. Therefore,
electrons behavior limits the carrier dynamics [17]. It is assumed that carriers are injected directly from
the contacts into WL and thus, the barrier dynamics are ignored. The rate equations in the QD SOA

can be written as [18]

dNW_ J _Nw(l_fES)+Nw fES_N

dt elL, T

w2

. 0

TZW Twr
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dfes — NwLw(l_fES)+fGS(1_fES)_NWL\NfES _fES(l_fGS) (2)
dt NQ,, T\ NQ 7, T,

df - - ’
ys :fES(l st)_st(l fES)_fGS _a(zfes -1)S 3)
dt Ty T Ty

where N, is the carrier density in WL. fGS and fES are occupation probabilities in GS and ES
respectively, e is the electron charge, Tw2 is the carrier relaxation time from WL to the ES, Tow is the
carrier escape time from ES to WL, Bur Tir are the spontaneous radiative lifetimes in WL and QDs,
respectively, NQ is the surface density of QDs, L, is the effective thickness of the active layer, D s

the carrier relaxation time from ES to GS, and "2 is the carrier escape time from GS to ES. From

density matrix theory, the carrier density and energy density in wetting layer defined as [2],
1
N () =2 Pus(® )
VX
1
Ua(t) = Vzpa,k (t) Eo.,k (6)
K

Where p is the density operator, N, ) and u.t) are the carrier density and energy density in wetting

layer. Using Eq. (5 and 6) and summing over K, one obtains

dt eV TWZ TZW Twr Ts TCH

I(E — —ut
dUa _ < 0!>+_Ua(1 fES)+Ua fES _ NUafES _U_a_Ua Ua +ha)UgNwO-fcaS (7)

L
<Ea> is average of carrier energy and U, are the lattice-energy densities, it define as [2],
1
Us) =52 T WE,, ®)
k

fa»k is Fermi distribution function at lattice temperature (T7). Inside the amplifier,

Consider the energy density U, is a function of carrier density and temperature, so the rate of U, can

be written as [16]
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dN
=(AU \— 9
(AU ©)

The rate of carrier temperature is more convenient than for the energy density, and by using Eqs.(1

and 9), one obtains [16]

dT (du_Y'[ (du, ) |dN
E_( dT jN _<AU°°> ( dN M dt (10)

By using Egs.(2, 7, 8 and 9), the carriers temperature in QD SOA has been derive as,

dar :(duaj—l _K<Ea>_(ddtir l)eﬂqhw%wwg&ag]{% }
B e

w2 S wr w2

1

The dot parameters, such occupation probability, time relaxation between dot and wetting layer, are

included in Eq.(11). Also the carrier absorption and carrier heating contribution are

phenomenologically added, where Ofeajs the cross section of free carrier absorption (fca). The
solution of Eq.(11) can be calculated depending on energy density solution in two-dimensional system

[16],

F
U.@.)=N, T, A0 (12)

FO (na )
Fj (17.) is the Fermi-Dirac integral of j-order, The partial derivation of U a respected with temperature

and carrier density is given as [16],

U, _\ KﬁT{ F,(2,) ma(ﬁ(ﬂaz)':_l(m) _ﬂ
T, F(.) R (1.)

aU [ KﬂT Fo(ﬂa) (13)
ON F.(7,)

3. Results and Discussion
The theoretical simulation is achieved for InAs QD grown on InGaAs which is lattice match with

GaAs. The semiconductor device has Smm in high, 20 um of with and 10 nm layer thickness [2]. The
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values of parameters at room temperature are listed in Tab. (1). To perform the numerical calculations,
a strong pump pulse with a Gaussian shape and full width at half maximum of (1 ps) has been send

through QD SOA.

Tab.(1): parameters for numerical calculations used in simulation [2,5,6 and 16].

Name value Unit Name Value Unit
T 300 K agy 10%° m?

L oN
T, 1 ps Me 0.41mo kg
T, 200 ns O 3.5x10%2 m?
Ten 1 ps [ 100 mA
Naq 10 m? Ng 3.12
Eg 0.79 eV AE 80 meV
A 1.33 Mm D 4x10%2 m?

Figure (1) shows the occupation probability of electrons in conduction band versus time response of
device. It has been found that the occupation probability of ES is reduced in presence of carrier heating
effect. The reduction of occupation probability due to carrier heating effect is result to decreasing
carrier density. the fast relaxation of carriers from ES to GS (of about 0.16 ps) recoups the recombined
carriers due to SOA operation and enhanced of time recovery with heating injection.

The dependence of reservoir carrier temperature on carrier heating relaxation time is shows in figure

(2). With increasing of TeH, the amplitudes of reservoir carrier heating are higher, and the trend are
boarded.

The pulse effect on performance of SOA is illustrated in figure (3), the temperature of carriers’
isdirectly increase with the full width of half maximum of injected pulses. The pulse shape is enhanced
of time recovery of carriers between WL and QD levels, and then it reduces the effect of CH. [12]
Figure (4) shows the response of system equations with existing of CH parameters. Actually, the CH
parameter satisfies the thermal equilibrium between carrier and lattice, and without it, the system
equations will be failed in describing of carrier-phonon scattering and the balance of energy flow.
Finally, our model has been compared with other model [3] (as shown in figure (5)) , the inclusion of

ES level has more stability for long time response.




JOURNAL OF COLLEGE OF EDUCATION FOR PURE SCIENCES
Vol. 8, No. 3, September 2018
Website: jceps.utg.edu.ig Email: jceps@eps.utq.edu.iq

=
o
b

| (With CH)
.......... & ff;‘s ( With CH

3
N, “107 ( With CH )
(ne CH )
(no CH

ol
=)

fGS

fES
23

N]”‘ *10° (no CH ) 4

e
%

Occupation probabilities of Gs, ES and NWL
= =
-~ o
wn W

R L R N R N E

0 1 2 3 4 5 6 7 8 9 10
7(ps)

0.7

Figure (1): The effect of carrier injection on the temporal of carrier occupation probability in QD

structure.
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Figure (2): The effect of time relaxation carrier heating on the temporal of carrier temperature at

reServoir.
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Figure (3): The dependence of reservoir carrier temperature on carrier heating relaxation time.
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Figure (4): The influence of CH on the reservoir carrier temperature.
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Figure (5): comparing between our model and two-level system.
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4. Conclusion
The numerical calculation are showed the dependence of occupation probability on carrier heating
time. With the long life time of carrier heating relaxation, the occupation probability increased, this
behavior results of reduction of carriers in WL. Also, reservoir carrier temperature is directly increased
with a width of half maximum and life time of CH. Finally, the CH in system equations satisfies the

thermal equilibrium between the carrier and lattice.
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