NMANUIN



MAKUIN N

\J o J ar o
MWINNADSYBININGI GaAs uar ALGa, As



ni.

3 a 4 o o
ﬂ'\W'li’lNLﬁﬂ%?lB\‘lﬂ']‘iﬂ\iﬂ']ﬂ'l GaAs [32]

A15190 A1 LEANANITHLOaSYaNEISINEIN GaAs

Basic parameters Value
Energy gap (eV) 1.424
Energy spin-orbital splitting (eV) 0.34
Intrinsic carrier concentration (cm ") 2.1x10°
Intrinsic resistivity ( Qcm) 3.3x10°
Effective conduction band density of states (ecm™) | 4.7x 10"
Crystal structure Zinc Blende
Group of symmetry Td2—F4 3m
Number of atoms in 1 cm’ 4.42x10%
de Broglie electron wavelength (OA) 240
Debye temperature (K) 360
Density (g cm™) 5.32
Dielectric constant (static ) 12.9
Dielectric constant (high frequency) 10.89
Effective electron mass m, 0.063m,
Effective hole masses m, 0.51m,
Effective hole masses m,, 0.082m,
Electron affinity (eV) 4.07
Lattice constant ("A) 5.65325
Optical phonon energy (eV) 0.036
Breakdown field (V/cm) ~4x10°
Mobility electrons (cm” V's™) <8500
Mobility holes (cm” V''s ) <400
Diffusion coefficient electrons (cm”/s) <200
Diffusion coefficient holes (cm®/s) <10
Electron thermal velocity (m/s) 4.4x10°
Hole thermal velocity (m/s) 1.8x10°
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Aluminium
Basic parameters Content Value
(x)
Energy gap x<0.45 1.424+1.247x
(eV) x>0.45 | 1.9+0.125x+0.143x"
Mobility electrons 0<x<0.45 | 8x10°-2.2x10'x+10%%
(em” V's ™ 0.45<x<1 | -255+1160x-720x"
Diffusion coefficient electrons 0<x<0.45 | 200-550x+250x"
(cm®/s) 0.45<x<1 | -6.4+29x-18x"
Electron thermal velocity 0<x<0.4 | (4.4-2.1x) % 10°
(m/s) 0.45<x<1 | 2.3x10°
Energy spin-orbital splitting (eV) All x 0.34-0.04x
Effective conduction band density of x<0.41 2.5'1019'(0.063+0.083x)3/2
states (cm ") x>0.45 | 2.5°10'%(0.85-0.14x)""
Breakdown field (V/cm) ~(4-6) x10°
x=0.1 | 2.1x10°
Intrinsic carrier concentration x=0.3 2.1x10°
(em™) x=0.5 | 2.5x10°
x=0.8 | 4.3x10’
x=0.1 | 4x10°
Intrinsic resistivity x=0.3 | 1x10"
(Qcm) x=0.5 1x10"
x=0.8 | 5x10"
Effective conduction band density of x<0.41 9.5x10"°x (0.063+0.083x%)°"
states (cm °) x>0.45 | 2.5x10"x (0.85-0.14x)""
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( START )

fruanwisiwesvealasadie uazangd

Fue1 Effective mass (m*), Pumping energy (P.), Electron scattering time (Tee),

Temperature (T), Wight (W) 142 Kinetic energy states (n)
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1=1

(Iterative Loop)

A

A

yes?  b:=((2*NO+1)*z_LO[k])+z_res[k]

b:= z_thermo[k];

A

i=1

A

A

al new:=0.0;
a2 new:=0.0;
a3 new:=0.0;
a4 _new:=0.0;
afl_new:=0.0;

af2_new:=0.0;

d:=(-2*xi*eta/(h*h))-NO-f[k,i+n}-f[k,i-n]-(NO+1);
ca:=N0;

yesP

é 12 14@
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—@p-
®
d:=(-2*xi*eta/(h*h))-NO-flk, i+n];
A 4
ca:=0.0;
Y
EZ)
) ®
A
t1{k,g] ;:i-(n*w_array[k,g])'n;
t2lk gli=i-(n*w_arraylk.gl)+n;
al:=0.0;
a2:=0.0;
a3:=0.0, ‘
yes——— #@
a4:=0.0;
af1:=0.0;
o af2:=0.0;

Y

g>yye

al:=z_array[k g]*N0*f[g,t1[kel);
yes ad:=z_array[k,g]*(NO+1)*(1-flg,t1 [k,glD;

1[k,g]>=0.000001

afl:=z_array[k,g}*NO*f{g,t1[k,g]];
no
h 4
al:=0.0;
no
a4:=0.0; Y
afl:=0.0;
Y <
Y
a2:=z_array[k,g]*(NO+D*{[g,12[kgl};
2fk,g]>=0.000001 >—ye>  a3:=z_arraylk,g]*N0*(1-flg, 2[k.g]D;
af2=z_array[k,g]*(NO+1)*f[g,2[k,gl];
no
A 4
a2:=0.0;
\ 4
a3:=0.0;
af2:=0.0;
v Y




al:=z_array[k,g]*NO*flg,i+n*w_array[k,g]-n];
a2:=z_array[k,g]*(NO+1)*f[g,i+n*w_array[k,gl+n];
a3:=z_amraylk,g]*NO*(1-flg,i+n*w_arraylk.gl+n));
a4:=z_array[k g*(NO+1)*(1-flg,i+n*w_arraylk,gl-n]);
afl:=z_array[k,g]*NO*f[g,i+n*w_arraylk,g]-n];
af2:=z_array[k,g]*(NO+1)*f[g,i+n*w_array[k,gl+n];

o
o

\ 4

al new:=al_new+al;
a2 _new:=a2 _new+al;
a3 _new:=a3_new+a3;
a4 _new:=ad_new-+ad;
afl new:=afl_new+afl;

af2_new:=af2_new-+af2;

g-gtl

A

g<=4 yes

no

v

cc:=-al_new-a2 new-a3_new-ad_new-b+d;

cfi=afl new+af2 new ;

(k=4)

1nay yes—P

fsor:=(((PO*h)/(eta*xi)+{lk,i+1]+f{k,i-1])/2;

(i=pump_loop)

.
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(19

fsor=-(ce*flk,i+n]+cd*f[k,i+1]+cb*flk,i-1]+ca*flk,i-n]+cf)/cc;

dl
.

\ 4

£ oldlk,il:=flk,il;

Y

flk,i] :=(1-w)*f_old[k,i]+w*fsor;

A

f newlk,il:=tlk,i];

y

fexitlk,i]:=abs(f newlk,i]- f old{k,i]);

Y

fsum:=fsum-+fexitfk,i];

e
a
A 4

f11,01:=f1,2}+T1,11*(2*h/xi);
f12,01:=1[2,2]+{[2,11*(2*0/xi);
£13,01:=113,2+1[3,1]*(2*h/xi);
f14,0]:=f14,2]+4,11*(2*h/xi);
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_c.']a_
(4
=k+1 A
@ yes—p

fsuml[1]:=fsum;

{ out:=abs(fsumi{1]-fsuml{1-11);

f out<=0.0000005

yes

4

< f1,£2,£3 uazfa
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A1.2.2  UHURIULEMINSNAIDBATINSLRNYUBBILER

A

A

fy:=(((hbom1/hw)*(hg/hw)*hw)*(f[3,i]-f_spline[i]))/func(mass,hbom1,i/nn);
sumfy:=sumfy+fy;

i<=10*nn-1;

no
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soly0:=(((hbom1/hw)*(hg/hw)*hw)*(f[3,0]-f_spline[0]))/func(mass,hbom1,0.0);
solyn:=(((hbom1/hw)*(hg/hw)*hw)*(f[3,10*nn]-f_spline[10*nn]))/func(mass,hbom1,10.0);
sol[j]:=(solyO+solyn+2.0*sumfy)*hh/2;

hbom1:=hbom1l-+hh;
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Abstract: Kinetics of the electron energy relaxation in a triple quantum well structure
of GaAs/Al,Ga;xAs material system has been investigated. The structure is designed
for a 4- level lasing operation. The electron distribution functions at steady state for
various values of electron concentration at temperature 77 K and 300 K were
calculated. The results show that the electron distributions for high electron
concentration limits are similar to the Maxwellian distribution. This relevant result
states that the electron-electron scattering processes are completely dominated.
Additionally, for the low electron concentration limits, the electron distributions are
strongly non-equilibrium due to the dominant of the electron-LO-phonon scattering
processes, and this effect increases with increasing of the operating temperature.

Introduction: Nowadays the unipolar laser based on electronic intersubband
transitions within the quantum wells in semiconductor low-dimensional structures,
Quantum Cascade Laser (for instance), has attracted a great amount of interest.
However, its efficiency is merely low due to non-radiative processes such as electron-
LO-phonon scattering, electron-electron scattering and electron thermalization. As a
result, to achieve a high efficiency one has to reduce the rates of these relevant non-
radiative processes. In this work, a model kinetic energy relaxation of electrons in a
4-level lasing operation has been introduce to mainly investigate the effect of
operating temperature and the electron concentration on the electron distribution
functions.
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Methodology: Kinetics of the electron energy relaxation in a triple quantum well
(TQW) structure of GaAs/AlyGa;4As material system which was designed for a 4-
level lasing operation as schematically shown in figure 1 was solved at the steady
state lasing operation. The model takes into accounts various types of non-radiative
mechanisms and is mathematically described by equation (1). Yet, this equation is
rather complicate and difficult to solve by any analytical methods. As a result, the
finite difference using the successive over-relaxation method is employed.

oW1 ow2 QW3
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Ay
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{a) (b}

Figure 1. (a) Schematic diagram of the conduction band edge of a TQW structure
and kinetics of the electron scattering. (b) The subband diagram
presenting the radiative intersubband transitions in the QW2 and also
shown the nonradiative inter- and intra-subband transitions by emission
or absorption of LO phonons.

of e,
f;;:‘i:SLO(gi)+Cee(gi)+Ri(gi)+Gi(8i)=O ¢y
nE?
The in-plane kinetic energy: €,(k) = E, (k) + E,(0) = —; @)
m

where i = 1, 2, 3 and 4 refer to the subbands E,, E,, E, and E,, respectively.
f.(¢,) is kinetic energy distribution of the electrons, corresponding to the occupation
pro-bability of kinetic energy state &, of electrons in subband E,. S,,(,) is the
electron-LO-phonon scattering. C,,(g,) is the electron-electron scattering. R, (,) is

the electron escape from the subband. G, (g,.) is the electron generation process; in this

work only the photoelectrons with definite wave vector k are allowed to be pumped
into the E, subband.
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S/,U (gf) = + Si' (Si’ I gi Xabxorp!ian + Si’ (8; d g’ )eminian
- Su (gl - gi’]ahxnrplmn - Si' (8, - gi’)emi:sivn (3)
+ Sl/ (gll - 8/ XH;,S(,,],,,'O,, + Sii (8’/ - 8’. lzmixxiun
=S s (g' - g’l ]absor]ﬂiﬂn - S/i (8, - 6; ]C”lij:il)ﬂ
he, | d d?
Cee(gz) = Teeo l:;l‘g"“‘f‘kBTe d—g’zjlf;(gr) (4)
AE.
R() - -2 ®
TI(]II[
G
G4(54) = -— (54"50) (6)

Pa

where 7,, is the e-e scattering time, 7, is the electron escape time from the

iout

subband E; due to various types of scattering mechanisms, G, is the number of
electrons of kinetic energy ¢, and p,(s,)= m“Z
7h

is the 2D density of states in the

subband E4. In this work, it is assumed that G (g,) = 0 for i=1,2,3.
The subband distribution function can be obtained at various values of 7

T : : C
(n=-";7, is the intrasubband relaxation time due to a spontaneous LO-phonon

emission) at temperature 77 and 300 K.

Results, Discussion and Conclusions: After the electrons were pumped into the E4
subband, they are possible to transition down to E;, E; and E3 by absorption and
emission of LO phonons. Then, these electrons have kinetic energies:

g =hQ, +2hw, +¢&, tho,, &, =hQ, +ho, +¢&, tho,, and &, =ho, +¢, L ho,
respectively. As a result, most of them scattered down to lower kinetic energy states
due to intra-subband LO-phonon scattering.
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Figure 2. Subband distribution functions for a monochromatic
P,(y)= P,8(y—0.6) into the upper subband E,: 7, =0.1ps,

nQ, =155meV and m, = my= m; = m,

Figure 2. shows that the subband distribution functions become close to
Maxwellian distribution if the electron concentration increases (7=0.05, 0.10 and
0.20 or 1.92x 10" em?, 3.84x 10" cm™ and 7.68x 10'° cm respectively). This result
states that the electron-electron scattering processes are completely dominated. When
the electron concentration decreases the subband distribution functions are strongly
non-equilibrium and deviate far from Maxwellian. This result states that the electron-
electron scattering processes are completely dominated. Additionally, for the low
electron concentration limits, the electron distributions are strongly non-equilibrium
due to the dominant of the electron-LO-phonon scattering processes, and this effect
increases with the increasing of operating temperature.
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