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A theoretical model of electron—electron scattering in multisubband systems is proposed and used to
set up a Monte Carlo simulator of quantum cascade lasers. Special features of the electron—electron
scattering model are the followindi) A fast and accurate computation of bare potential matrix
elements by means of Fourier analysis is develofiedA screening model is proposed that allows

us to describe intersubband matrix elemefitis. Nonequilibrium screening factors, defined through

an effective subband temperature for each subband, are periodically reevdivafEde developed
algorithm makes use of rejection procedures in order to determine the correct number of scattering
events as well as the distribution of the final states. Other characteristics of the model are the
following: the energy levels and the wave functions are determined in a self-consistent way, the
Pauli exclusion principle is included, and the periodicity of the structure is accounted for. This
model is applied to the study of a terahertz resonant phonon quantum cascade laser. A large
influence of the screening model on the subband population is demonstrated. For the considered
design, emission at a frequency as low as 1 THz is confirmed. We have found that the magnitude
of population inversion phenomena may be strongly sensitive to electron—electron scattering,
reducing the possible performance near 1 TH22@5 American Institute of Physics

[DOI: 10.1063/1.1840100

I. INTRODUCTION transport in semiconductors is the Monte Carlo method. This
technique has been extensively described in the literture.
Over the past several years, quantum cascade fasergdapting Monte Carlo simulation to QCL is not a trivial
(QCL's) have proved to be one of the best avenues for deask. First of all, since electrons move in the perpendicular
veloping compact, low consumption solid-state sources ijirection, one has to treat a quantum transport problem.
the midinfrared spectral regidiiThere is currently a tremen- However, it has been shown that a Boltzmann-like formal-
dous effort* to extend their operating frequency range to-jgm, disregarding phase coherent phenomena, is sufficient, at
ward the terahertz region, where they have very few comieast for the stationary stafewith such an approach, the
petitors, despite a wealth of attractive applications in, €.9.major problem arises from the huge number of possible scat-
biomedical imaging, gas sensing, or molecular spectroscopyering paths. This question is especially severe for terahertz
At least two different designs of QCL's have experimentally ocL due to the large number of states involved in transport.
demonstrated a terahertz emission. The first one, based ®floreover, subbands are close in energy, separated by typi-
“chirped superlatti_ce,” has been proposed _by_ Kokteal 2 In cally less than one phonofkwy,=36 meV in GaA$, and
this QCL, extraction from the lower radiative state takesiherefore they are strongly coupled by Coulomb scattering
place via intraminiband transport and scattering. A differentynich can play a prominent role.
design, in which depopulation occurs by resonant polar  The modeling of this scattering mechanism in Monte
optic-phonon scattering has been proposed by Willi@hs carlo simulation faces many difficulties of both technical
al.” For this kind of device, an operation at=100um  anq theoretical nature. For example, scattering rates depend
(~3 TH2) up to a temperature of 77 K in pulsed mode hasgp the distribution function, which is an unknown of the
been recently reporte. simulation, and thus has to be treated in a self-consistent
QCLs are unipolar semiconductor lasers based on tranyay generally using a rejection technique. Electron—electron
sitions between subbands in a multi-quantum-well structurescattering has been described in a number of pap&tbpt
Therefore, the lasing frequency can be varied in a wide ranggnly for quantum wells with one or a few populated sub-
through a careful design of e_pitaxial structure. Hovyever, théyands. In QCL's, the situation is much more complex owing
complexity of QCL's makes highly desirable simulation tools {5 the |arge number of levels, and thus form-factor evaluation
that can deal with the complicated physical phenomengequires a prohibitive computational cost. The need to ac-
involved. count for screening in a many-subbafdS) system makes
One of the most powerful tools for investigating chargeihe situation even worse. However, this question has been
rigorously addressed only for rather simple systéi*ns,
¥Electronic mail: olivier.bonno@laposte.net whereas for complex structures like QCL's, crude approxi-
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mations are generally used. Therefore, a simplified M3Jiagonal elements of the density operator, and to derive a
model is needed, which throws a bridge between the simpl8oltzmann-like equation for the diagonal components.
but inaccurate single-subband screening nidd&3M) and  Hence, perpendicular transport in QCL may be studied by
the rigorous but time-consuming full MS model. means of a Monte Carlo simulation. Such a simulator is pre-
To this aim, we describe a Monte Carlo simulator, in-sented in this work, whose essential features are described in
cluding electron—electron scattering, to study MS systemghe following. The main scattering mechanisms are included,
Although we focus on the specific case of QCL, the model id.e., phonon(polar optic and acoustic, considering only bulk
quite general and can also be applied to study carrier—carrienodes, ionized impurity, and alloy scatterifg™® These
scattering in any multi-quantum-well structure. A strategy toscattering rates are evaluated as a function of the in-plane
reduce drastically the computational cost of evaluating thavave vector accounting for nonparabolicity. In this work,
form factor is developed. Some approximations are proposednly electron—electron scattering is treated in the parabolic
in order to account for MS screening in a tractable way.approximation, which is widely used in the literature. This
Simple expressions for the screening parameters are derivegsumption, although very convenient, is not too severe for
using an effective subband temperature. They are reevaluat€&hAs/AlGaAs systems, owing to the small conduction-band
periodically during the simulation in order to account for the nonparabolicity coefficient. The coupling between adjacent
nonequilibrium conditions. As a test-bed example of a MSstages is taken into account by evaluating all intra- and in-
system, we apply our model to the structure proposed byerstage matrix elements. In the Monte Carlo simulation, we
Williams et al® which, according to Lee and Wack&rcan  account for the periodicity of the structures in the following
also operate near 1 THz. way: an electron which undergoes an interstage transition is
The remainder of this article is organized as follows. Inreinjected into the corresponding subband of the central
Sec. Il we describe the Monte Carlo model emphasizing thetage’® Finally, degeneracy is included in the model follow-
electron—electron scattering implementation and the screeing the approach described in Ref. 21.
ing model. The main results are presented in Sec. IIl. Finally,

the main conclusions are summarized in Sec. IV. .
B. Electron—electron scattering

1. TRANSPORT MODEL In this wo_rk, we iny investigate the short-range part of
) the Coulomb interactioff neglecting electron—plasmon scat-
A. General features: Electronic states tering. We consider a “principal” electron in subbanevith

The determination of quantized energies as well as wav&Vo-dimensional wave vectdf and a “partner” electron in
functions in heterostructures have been extensively describedibbandu with wave vectorP. The final states of these two
in a previous repot and will only be briefly outlined here. €lectrons are, respectively;’K ') and|x'P’). Starting from
Electron states are determined by solving the coupledhe Fermi golden rule, the probability per unit time that the
Schrédinger and Poisson equations. In the framework of therincipal electron undergoes a Coulomb scattering is given
envelope function theory for a two-dimensional electron gasb

the wave functiong,(z) of the 1vth state is a solution of a
Schrédinger-like equation, Ay (K) 4ﬁ3 2 f «(P) J doiM, ., (Q)I%, (2)
Heo(2) =&,(K)¢,(2), (1)

_ ) o ] Whereme is the electron effective masgl, is the normaliza-
where H is the BenDaniel-Duke Hamiltonidfi,K is the tion area,Q=K -K is the exchanged wave vectdrjs the

two-dimensional in-plane wave vectar,is the coordinate angle betwee®-K andP’'-K’, andM,,,,,/(Q) is the ma-
along the confinement direction, aag(K) is the dispersion iy element of the transition.

relation. Owing to nonparabolicityy{ is itself dependent on The presence in Eq2) of the partner distribution func-
energy, a fact that is accounted for following the method of;j, 1 (p) which is unknowna priori, is a well-recognized
Thobelet al."® o d|ff|culty that is generally circumvented through a rejection

In theoretical studie®’ one considers a QCL as an infi- techmquel This approach requires an upper bound of
nite repetition of an elementary sequence called a stage)\ L(K) that we choose as

Thanks to this periodicity, wave functions and energy levels

are determined using the following scheméi) the _ Me 2 n /\/l &)

Schrédinger equation is solved op®1 stagesiii) each At 2ﬁ3 G

wave function is assigned to a stage, according to the prob-

ability of presence. Then the states belonging to the centratvhefe n, is the electronic density of subband, and

stage are replicatedp2imes with proper shifts in space and Mww’;ﬂ s the maximum ofM,.,r,(Q)[?. During the simu-

energy; (ii) the potential is obtained from Poisson’s equa-lation, scattering events are selected with the probabﬁ“nes

tion, assuming conservation of electronic charge in each\,,/, but the rejection technique allows us to obtain the cor-

stage, so that one can define a local Fermi level. The calcuect number of scattering events and the distribution of final

lation is iterated until self-consistency is achieved. states. In the simulation, when a simulated electron under-
Recently, it has been shown that coherent phenomena igoes a Coulomb interaction, the partner electron is chosen at

QCL’s can be disregarded as long as short-time behavior isandom from the ensemble, and its final subbands se-

not under stud§. Therefore, it is possible to neglect off- lected according to the relative contnbuummv,ﬂ, in the
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summation in Eq(3). The Pauli exclusion principle is then _2LQ8,, -y, 2(e7% - 1)(QP+ ay0K))
applied to both the partner and principal electrohgle ac- ggng(Q) T 02+ A2 S i~ 2\
count for exchange scattering between spin- 1/2 particles Q°+o3ky  (Q7+ a1ky)(Q° + a5ky)

with the symmetrized expression of the transition matrix (10)
element®

whered is the Kronecker function. Using E@LO0) , it is easy

) 1 ) 2 to show that the double summation in E8) can be calcu-

My Q) = 31V QU + IV (Q)] lated by performing five summations over a single index,

Vi (QV, s (Q)], (4)  thus allowing to dramatically speed up the computation. For
s e example, applying directly formulés) with a typical length

whereQ'=K -P’, andV,,,.,(Q) is the matrix element of of 300 nm discretized intdN,=3000 points, each value of
the Coulomb pot7ential. S Fouw(Q) requiresNZ=10" operations. With our method

The first step of electron—electron scattering rate compu@"d Ni=100, only 5x 200=1G operations are needed,

tation is the determination of the bare potential matrix ele"€NCe saving CPU time in a ratio of 1.410'hu§ our method
ments, which are expressed as makes possible calculations which otherwise would have

been out of reach’

2F !
Vbare, ,(Q):i vuv' w (Q)

, 5 C. Screening model
Q= 50 (5

Dealing with two-dimensional screening phenomena in

wheree, is the elementary electronic charge, ands the ~MS systems, such as QCLss, is a formidable task, requiring

static permittivity assumed to be uniform all throughout thehuge computational resources for evaluating the dielectric
structure. Form factors are giveny matrix. For this reason, screening is treated in an approxi-

mate manner. One generally assumes that only the lowest
subband contributes to the screening. Therefore, there is a
Founw(Q) = f f ¢(2)e 972 (2)dzdz, (6)  need for a tractable model which accounts for screening by
several populated subbands and properly describes both
_ * . intra- and intersubband scattering processes.
whereg,, (2)=¢,(2)¢,(2). In Eqg.(6), each integral extends We adopt a static formulation of screening in the

over the whole_ lengthL of the 2p+1 s_tage; and a brute random-phase approximation. In this framework, screened
force computation of each coefficient is quite lengthy. One

: . scr .
has to consider, for each value @f a number of coefficients Eg:g;tleallgzgz( element‘dwv,ﬂ,(Q) are solutions of the ten
proportional to the fourth power of the number of subbands q '

Ng, and, therefore, the direct use of H@) is definitely pro- Vi (Q) = szrf,ﬂ,(Q)

hibitive for MS systems such as QCL. Previous investiga-

tions have made use of analytical expressions obtained as- +> VS?L?gV(Q)Hgg’(Q)Vz’i;’/ Q) (1)
suming sine wave functiorfs. Obviously, such an &

assu!”nption_ is no longer relevant here. Howeve.r, it is alway$,hare T(Q) is the polarizability tensd¥ The so-called
p_o_SS|bIe, W'thO‘_“ loss of accuracy, to use Fqurler de,compoéingle-subband screening model assumes that all electrons
sition. As we will show, this leads to expressions which can

| Hicientl ) . K are in the ground subband, labeled &pyin the following.
be evaluated efficiently. It is convenient to work op,(2), More precisely, the dielectric tensor reduces to a scalar di-

electric function, and all screened matrix elements are given

Ny
on@= 3 7 explioke), @ ™
7= )
Vi wr(Q = =2, (12)

wherei?=-1, N, is the number of retained harmonicﬁj,”’ #(Q
is the oth Fourier coefficient, anty=2/L.%° where xy(Q)=1-V52e(Q)TIy,(Q). However, it has been

Rewriting Eq.(6) using the Fourier series af,,/(z7) and  shown by Lee and Galbraiffi, that the use of a single-
®u,(2), one has to evaluate the following expression: subband dielectric functiory(Q) for modeling intersubband

transitions leads to erroneous screened potential matrix ele-
N N ., ments. These authors argued that in MS systems, one should
Frww@Q= 2 2 ¥ % G0,.,Q, (8)  account for intersubband polarizabilify,., ¢+ ¢, and un-
717Ny 2= Ny screened potential matrix elements. In other words, one has
to solve the fullNZ, x N2, equation systerfEq. (11) ]. In the
literature, this has only been achieved for rather simple sys-
Lo tems, e.g., for an infinite quantum wéllin QCL's, a com-
G0 (Q) = f f goikoadokoneg Az 2lgz dz,, (9)  Plete resolution is numerically intractable_owing to the large
o Jo number of levels, thus some approximations must be
adopted. In this work, we propose to only retain in ELfL)
After some algebra, one finds the couplegé,&)=(v,v'), (v',v) and(g,g), in order to ob-

where
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tain a system which is explicitly solved, giving In this scheme, Eq. (159 becomes S,=-p,f,(0)
=-p{1-exg-n,/(p,kgT,)]}, where kg is the Boltzmann
Vv (Q) = Dg(Q) [ bare (Q) constant. We choose to define the electron temperdtyre
e D,g(QL "#* through a parameter, denoted herd'gswhich can be inter-
preted as a measure of the broadening of the energy distri-
Novs <Q>vzi§M,<Q>} 13y bution
Dg(Q) ' oo
with r,= fo ()1 =1 ,(e)]ds = kBTV{l
Dy(Q) = 1 -Voare(Q)llgg(Q), (13b) n,
—-exp - w1 | (16)
Nyurg(Q) = Vogrro(QIgg(Q), (130 | S _
wheref, is normalized so as to recover the subband density,
D,g(Q) = Dg(Q) X [1 =237 (QTL,,(Q)] .
bare f p,f.(e)de=n,. (17
- va’g(Q)nggv'(Q)va’(Q) . (13d) 0

The above formulas have been derived considering that onlffquation(16) is valid for a Fermi-Dirac distribution in a
subbandg contributes to the screening. They can be generParabolic band and for a spherically symmetric distribution
alized to the case where several significantly populated sugunction, however, it can be generalized to the nonparabolic
bands, labeledg;,g,, ...}, are effective in the screening. In Case. For a nondegenerate gasjs given by

that case, we replace, in Eq$33—(13d), each term contain- n, n,
ing I,y by the corresponding summation ovgr For ex- r,=-— 1‘m : (18)
ample, in Eq.(13b), one has to replace Pv Pty
Equation(153 becomes
Voasd Qllgg(Q) — El Voigigg QMg (Q. (14) ) 2
=-—"=-—*(n,-p,[,). 19
S, KT, n (n,=p,l,) (19

In the general case EL6) is solved iteratively to givel,.

We have verified that the use of the lattice temperature in-
Since, in QCL, subband populations evolve in nonequistead ofT, would strongly overestimate the effect of screen-

librium conditions, it is necessary to reevaluate the summaing, and hence underestimate electron—electron scattering.

tion in (3) during the simulation. Moreover, the distribution The polarizability tensor and all electron—electron scattering

function enters the definition of the polarizability matrix el- rates are updated at regularly spaced times, or whenever the

ements, and thus electron occupancies also influencgubband population changes significantly.

electron—electron probabilities througl?(i/w,#,. In this sub-

section we propose a method in order to account for the

nonequilibrium screening in a self-consistent way.

D. Nonequilibrium electron—electron scattering

In the static long-wavelength limit, diagonal elements of”l' RESULTS
the polarizability tensor take the following expression In this section, we present some results of Monte Carlo
S, =1L,(Q—0)=-p,f,(0), (159  simulation of resonant phonon QCL. In this kind of device,

. . ) L the lower laser state is separated from the so-called “injector
where p,=m,/(7%?) is the density of states, and, is the  states” by one phonon energy, so that polar optic-phonon
effective mass of subband Nondiagonal elements are given scattering provides a very efficient depopulation mechanism.

by Moreover, the injector consists only of a few wells leading to
n.-n much simpler structures than chirped superlattice QCL. For
IT,,(Q—0)=——F, (15b)  example, a publishédstructure of this kind is composed of
Er™ u four wells per stage, and has demonstrated lasing operation

wheree, is the eigenenergy associated with thte state®®  at 3.4 THz up to 65 K. Its main drawback is the high thresh-
In most paperé®*"32s is recalculated during the simulation old current probably due to parasitic current path&Re-
using Eq.(159 with the current value of (0). However, in  cently, Lee and Wacket suggested that this structure can
practice this value depends critically on the discretization ofalso operate at lower frequencies, close to 1 THz. The cor-
the phase space and, moreover, it strongly fluctuates. Thus,rigssponding transitions occur between levels assigned to dif-
is more convenient to use global parameférsych as sub- ferent periods of the structure. Therefore, for an unambigu-
band density and electron temperature, which are less noisyus description, one must take as the stage two elementary
than the value of (K) at a single point. To this aim, we use periods of the initial structure. Within this picture, all lasing
expressions obtained for a Fermi—Dirac distributiontransitions occur between states assigned to the same stage.
and we assume that they remain acceptable in QCL, prd-ollowing this point of view, in the remainder of this section,
vided that an effective temperatufe is properly evaluated. we consider that a stage consists of eight wells.
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300 T T T T T T ! N ! ! !
— TF —o Without screening
E =~ -a Present screening model
250 T 3 ¢ - - 6 Single subband screening model
2 4 — A Dielectric matrix inversion
S200F | |n]]~ . 2 1\
I 08 e e g o 1
= 150} wH=1 - < '\
2 Y | ]
3 # \ -4
S [t = F SR 6 o
W 100f5 & - 2
~ 3 2
B 2 Q 0.01F E
50 : o
1 1 L L L
ol— 1 1 1 1 N 1 0 05 1 1.5 2 25 3
0 20 40 60 80 100 120 Wave vector (1 o m'1)
Position (nm)

) ) . FIG. 2. The matrix elemen¥,,,, for different screening models as a func-
ZISA.S:/LAJ;?(IBC:)E;S ggte(rgzll g)r.oprl]ee aslréf]r;g;zrgfayg\éeoi;ig?Zgzaggrtgetion of the wave vectoQ_ at thz_efzée_ginninQ of thg s_imulgtion. Eq_uatic(rﬂ)
have been solved overp2 1=3 stages. For readability, only the central ﬁmg_(loiar)_éiid)erﬁ;e appl:je(li Vénm_l'-sqhd I|r_1e. Wl_thom screening. -daShEd

- ; - ) : g model, dotted line: a single-subband screening model,
ﬁgal\geislslzhzovkv\r/l :;rle.a'rr]t;etrllittlschee;etzrgzﬁ;atyriz I;;glf ht_rz]e-l-?xéeézzlr;fp"e ashed—dotted_line: inversion of the dielectric matrix cc_)ns_idgring the ten
separation- between7 levels 2 and 3, as well a's betweén states 7 and %fbbands of Fig. 1. These three last curves are almost indistinguishable.
matches the polar optic-phonon energy.

sentative of “intersubband interactions resulting in an inter-

Figure 1 shows the band profile and squared wave funcsubband transition,” according to the terminology of lete
tions of this structure under an external fiel& al.”™ One can see that a single-subband screening model
=12.2 kV cnT, at a lattice temperatufB,,=44 K, and fora  leads to an incorrect behavior of the screened matrix element
sheet densityN=5.6x 10" m2 per stage. Radiative transi- for small values oRQ, as pointed out by Lee and Galbraith.
tions experimentally reported by Williamat al. are 64  One notices, in particular, thatses{Q) vanishes aQ=0,
and 10-9. Those theoretically investigated by Le¢ al.  resulting in a significant suppression of the interaction. This
near 3 and 1 THz are-54 and 7—6, respectively. In the model has two consequences on electron—electron scattering:
following discussion, we denote the former by “Class A” (i) an underestimation of scattering rates by more than a
transitions, and the latter by “Class B” transitions. Table Ifactor of 1 in the considered casé—6 and 6—5) and
summarizes the calculated energy separations and the dipdié) an erroneous determination of final states at the end of
matrix elements for both Class A and B. the rejection procedure. With our model, the screened poten-

The first point we wish to discuss is the influence of thetial is fairly close to the one obtained by inversion of the
screening model for intra- and intersubband potential matrixlielectric matrix and exhibits the expected behavior @r
elements. For the calculation of bare potential matrix ele— 0.
ments, we takeNy =100, which is sufficient to satisfy the We now present the results of the Monte Carlo simula-
Parseval relation with an accuracy of up to™10Three tion of the structure of Fig. 1. Simulation parameters are the
screening models are consideréd): our screening model, conduction-band discontinuityAE; between GaAs and
(i) the single-subband screening model, diiid the com- AlGaAs estimated using a 62:38 rule, the number of sub-
plete inversion of the dielectric matrix, i.e., solving Egl). ~ bands Ng;=60, and the electron effective masses rof
For casedi) and(ii), we assume that only the first subband =0.067 in the well andn,=0.08 in the barrier. We monitor
contributes to the screening, so thgtl in Egs.(12) and 4000 electrons during 200 ps using a constant time Atep
(13a—(130). =2 fs.

First, we examine the case of a purely intrasubband tran-  To discuss the influence of the screening model, we
sition. As an illustration, Fig. 2 present,,, for the three  show in Fig. 4 the distribution of electron density among the
considered screening models. They all yield approximatebdifferent subbands for the different screening models. The
the same results, and prevent the divergence of the bare po-
tential matrix element in the long-wavelength limit. 2

We now turn our attention to intersubband transitions
illustrated by Fig. 3. The considered examplggs is repre-

L) L] L) L) L)
6—o Without screening
@~ - Present screening model
15 - - ¢ Single subband screening model
: 1\ A — ADielectric matrix inversion

TABLE |. Calculated energy separations:,,, and dipole matrix elements
z,,, for the transitions of interest.

-

Coulomb potential (1 0" ev mz)

Transitionv— u Ag,,(meV) z,,(nm) 05
Class A 0 3 1 1 1 1 1
0.5 1 15 2 25 3
6—4 14.8 5 Wave vector (1 o® m'1)
10—9 14.8 5
FIG. 3. The matrix elemen¥sgqs for different screening models as a func-
tion of the wave vectoR at the beginning of the simulation. Equatiqii®)
Class B and (139—(13d) are applied with the same parameters as in Fig. 2. Solid
54 11.4 3.8 line: without screening, dashed line: our screening model, dotted line: a
7—6 55 6.4 single-subband screening model, dashed-dotted line: inversion of the dielec-

tric matrix.
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FIG. 4. The occupancy of the different subbands for two screening models.
Only discrete values, shown by the symbols, are meaningful, however, for
readability these symbols have been connected by lines. Circles: our screen-
ing model, squares: single-subband screening model.

100F

10
S3M, frequently used in the literature, e.g., in Ref. 15, is
compared to our model with the polarizability calculated as

Distribution function (without unit)

described in Sec. Il D. For the latter case, we assume that the Total dieribut al,

four most populated subbands contribute to the screening. o asupand 1" o

Hence, in the steady state, subbands 1, 2, 5, and 7 have been 0.1 ¢ oSubamaz | . j
0 10 50

used. In the following discussion, these parameters are as- Erergy (mov)

sumed each time .We refer to our ;creenlng model. We ObFIG. 6. Distribution function as a function of the energy. The energy refer-
serve that the choice of the screening model affects stronglynce of all the curves is the bottom of the first subbaai: without
the populations. Compared to S3M, the use of our modeflectron—electron scattering afi) with electron—electron scattering. Solid
decreases the population of level 1 from 8.50% to 1.2 line: the total distribution function, dotted line: distribution function of sub-
% 10t m‘2, and consequently the occupancy of other statelsjand 1, dashed line: distribution function of subband 2.

increases. As a result of this population redistribution, the o ) o
magnitudes of the population inversion phenomena are sigt 1HZ the population inversion of the Class B transition 7
nificantly altered. For example, with our model the ampli—_>6 is about four times smaller with carrier—carrier scatter-
tude of population inversions—n, is about 9 1013 m=2, ten ing than without it. Let us now explain this result on the
times greater than with S3M basis of scattering lifetimes™ calculated from the simu-

V—

To better understand the influence of electron—electrof@tion, where int labels the interaction mechanism, polar op-
scattering, we investigate in Fig. 5 the population of the dif-t'c0 (po) or electron—electror(ed. We find 7% ;=5.6 ps,
ferent subbands with and without carrier—carrier interaction7—6=>3 PS, and a total lifetime;~ 1.2 ps. The depopula-
One can see that intercarrier scattering strongly influencelion of subband 7 is mainly due to direct electron—electron
the population repartition between the subbands, and leads {o 6 transitions. This leads to th_e repopulation of subband 6
contrasting behaviors concerning population inversions. In@nd t0 & decrease of the population of subband 7 by almost a
deed, Class A population inversion phenomena are clearcI§FlCtor 2. Thus, the 76 population inversion, strongly af-
enhanced by electron—electron scattering, e.g., the amplitud&cted b}’z electron—electron scattering, is omly—ng~3
of population inversion of the 169 transition is about 5 X110 m™. ) ) ) ) )

X 101 m™2, five times greater than when carrier—carrier in- 10 further investigate the influence of this scattering
teraction is not accounted for. Moreover, this value of popuM€chanism, we present in Fig. 6 the distribution function as
lation inversion shows a reasonably good agreement witf function of the energy, with and without electron—electron
other published resulf&®* On the contrary, carrier—carrier Interaction. When carrier—carrier scattering is not included
scattering seems to reduce the possible performance arouHd9- 6@], one can observe that the distribution function
presents a quite complex structure, with a number of peaks

e presumably related to various thresholds of inelastic transi-
. ‘;—_gw:}:(fdfj?g;g:i‘;ﬁfe"c’;rzﬁa:g:{ging tions. As seen in Fig.®), with electron—electron scattering,
2 5 m the distribution function exhibits a smoother shape and, in
particular, the dip for energies slightly above 36 meV
(~hw,o) disappears in the presence of intercarrier interac-
tion. Indeed, electron—electron scattering redistributes the en-
ergy in the electron gas, owing to the many degrees of free-
dom in the conservation laws. As reported by many
o8 authors’*° carrier—carrier scattering tends to set up a heated

40 60 80_ 1oo( 13;)) T4G 160 Maxwellian distribution with a given electron temperature
nergy (me

-
e,
s
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Subband population (m™)

. . . . . vt
FIG. 5..The subband occupancy with anpl wnhoutl carrier—carrier ;cattgnqg. We now focus on the calculated electron temperatlifes
As in Fig. 4, the symbols represent the different eigenenergies. Circles: with

electron—electron scattering using our screening model, squares: withol€Ported in Table “- These Yalues have been Ob.taine.d at the
electron—electron scattering. end of the simulation following the method described in Sec.
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TABLE Il. Calculated electron subband temperatures for the QCL of Fig. 13 hot-carrier regime. Population inversion is strongly influ-
with and without electron—electraiee scattering. Note that, when ee scat- enced by the screening model. We have confirmed the major

tering is not included, the determination of temperature is difficult for sub-r | | db lectron—electron tterina. which enhan
bands 3 and 8, because their population is very (see Fig. 5. The lattice ole playe y electron—electron scattering, ch enhances

temperature is 44 K. population inversion at 3.4 THz, but on the contrary, limits
the potential performance near 1 THz. In this regime, we

v T, (K) have found a strong depopulation of the higher laser state
With ee Without ee th_rough d|r_ec'F electron—e_lectron transﬂmns,_suggestmg that

1 131 86 this nonradiative mechanism may strongly hinder the design

2 129 78 of QCL at very long wavelengths.

3 106 44

4 78 45

5 123 84
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