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Abstract : We study the influence of ionized impurity scattering on the electron transport in resonant-phonon-as-
sisted terahertz (THz) quantum-cascade lasers (QCLS) . We treat the ionized impurity scattering rates within the
single subband static screening approximation. We find that the ionized impurity scattering supplies an additional
current channel across the device,and affects the electrondistribution in different subbands. We conclude that the
ionized impurity scattering should be taken into account in the study of the transport properties of resonant-pho-

nornrassisted THz QCLs.
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1 Introduction

Recent developments in the design and fabri-
cation of compact solid state terahertz ( THz)
sources’” ¥ and detectors™ have opened a bright
future for applications of THz technology'® ™.
The development of THz quantum-cascade lasers
(QCL) in the past several years makes it one of
the most important sourcesin the THz range. THz
QCLs based on different design approaches for
carrier extraction have been realized, among
which are interminiband transitions'™ , resonant-
phonon-assisted intersubband transitions’>* , and
bound to continuum transitions'® . The resonant-
phonon-assisted THz QCLs show better tempera-
ture perf ormance than other designs'*? . Different
theoretical models have been used in the design
and simulation of THz QCLs'™ ™. Among them,
the Monte Carlo (MC) method™ ** is thought
to be the most suitable. The commonly used rate
equation method in the design of mid-infrared
QCLs cannot take fully into account the complex-
ity of temperature and density dependent scatter-
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ing times in THz QCLs. And the quantum me-
chanics approaches are all nontrivial'*** . Using
the MC method,we can intentionally turn on and
off each mechanism to study its influence on the
transport properties of the device. In this paper,
we study the influence of the ionized impurity
scattering on the transport properties of resonant-
phonon-assisted THz QCLs.

2 Monte Carlo modd

Our M C model follows a conventional scheme
of an ensemble of particles®™ . Electron-L O-pho-
non,electron-electron (e-e) and electron-ionized-
impurity (eimp) scatterings are taken into ac-
count. The hot phonon effect is incorporated into
the M C procedure within the relaxation time ap-
proximation®’. The electron eigenstates and en-
ergy band profile are obtained by solving the ef-
fective mass Schrodinger equation for a band
structure spanning three modules.

Due to the low Al composition in the simula-
ted structure,the bulk L O phonon scattering is a
good approximation' . We do not take into ac-

* Project supported by the National Fund for Distinguished Young Scholars of China (No.60425415) ,the Major Project of the National Nat-
ural Science Foundation of China (No. 10390162) , and the Shanghai Municipal Commission of Science and Technology (No.

03JC14082)
t Corresponding author. Email :jccao @mail.sim. ac.cn
Received 26 October 2005

€ 2006 Chinese Institute of Electronics



2 Cao Juncheng et al. :

Monte Carlo Smulation of Impurity Scattering Effect in Resonant- PhonornrAssisted 305

count the phonon confinement effect here'”?.

The electron-L O-phonon scattering rate under
this approximation can be written as
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Here, e is the elementary charge, m’ is the elec-

tron effective mass, his the reduced Planck con-
stant ,and€ . and€ are the high frequency and low
frequency dielectric constants, respectively. Ngq is
the L O phonon occupation number.pj (z) =(i (2)
(i(2) Li(2) and{;(2) are the electron envelope
functions for the ith and jth subbands,respective-
ly. k and K are the electron wave vectors before
and after scattering, respectively. The + and -

signs on ¢ refer to the absorption and emission of
L O phonons,respectively. gs is the inverse screen-
ing length ,which is taken to be zero.

For the e-e scattering,we use the single sub-
band static screening model ,and only take into ac-
count interactions between electrons in the same
or neighbour modules. All the simulated electrons
are assumed to be in one module. Those that are
scattered out of the module are re-injected into
the corresponding subband according to the peri-
odic boundary conditions. The scattering rates for
an electron in subband i with wave vector k to
subband j with wave vector K can be written
as[24,25]
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The e-e scattering is a dual-particle process. Dur-
ing the process, another electron initially in sub-
band m with wave vector ko is scattered to subba-
nd n with wave vector Ko. The quasi-2D inverse
screening length gs in the single subband static

screening approximation is
2

_m'g _
¢ =pp g, k=0 (11)

The e-e scattering rates are included in the MC
procedure by using the method of Goodnick et
al.®

Similar to e-e scattering,the e-imp scattering
is also taken into account by using the single sub-
band static screening approximation. The scatter-

ing rate from subband i to subband j is given
by[26,27]
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where q=2ksin®/2) , n(z) is the doping densi-
ty ,the form factor Fj reads

Fij(q,Z)J‘dZ’Zj*(Z’)Zi(Z')eXp(' al z- Z |)
(13)
and
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(14)
where ke is the Fermi wave vector, C = m e’/
at &E& ,and
G(q) :J'dﬁ’dzii(z)Zj*(z)Zi(z)Zf(Z) X
exp(- q| z- Z ) (15)

The hot phonon dynamics can be incorporat-
ed into the MC procedure by following the meth-
od of Lugli et al.”!. The time evolution of the
L O phonon population is followed ,and its modifi-
cation to the electromphonon interaction is con-
sidered. The L O phonon decay into other modes is
taken into account by introducing the relaxation
timeT,n. In detail , the perpendicular component
g: is tabulated for discrete values corresponding
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to intra- and inter-subband transitions,respective-
ly. It is zero for intrasubband transitions,and is a
non-zero value related to the subband energy
difference for intersubband transitions. The in-
plane component of the phonon wave vector qiis
treated as two-dimensional ,and is discretized into
small cells. The phonon number in each cell isini-
tialized as the Bose distribution. After each LO
phonon emission/ absorption,their values are up-
dated in the corresponding cell as
n
O Ng = 152§; XSZ%; X Tj
Hered gx andd qy are the cell sizein the x and y
directions, respectively, ns is the electron sheet
density ,and N is the number of particles included
inthe MC simulation. At the end of each timein-
terval ,the phonon number is recalculated as
At
N'q(5 t) = NQ(B t) - [Nq(5 t) - Nq(0) IFen
(17)
whered t is the time interval in the MC simula-
tion,which is chosen to be much smaller thanT pn.

(16)

3 Efect of ionized impurity scatter-
ing

The structure parameters of the simulated de-
vice are based on a recent lasing THz QCL ™. The
active region of the THz QCL is based on a 4-well
module design in which the THz generating tran-
sition is from a pair of anti-crossed double-well
states,a wide and doped subsequent well provides
the LO phonon mediated relaxation, and the in-
jection to the following double well isfrom an un-
doped well.Beginning with the first injection bar-
rier ,the layer thicknesses of the 4-well module are
5.4/7.8/2.4/6.4/3.8/15.3/3.5/8.8in nm,where
the barrier layers are shown in bold and the doped
layer is underlined. A schematic of the conduction
band structure under an electric field of 12 kV/cm
isshown in Fig.1,together with the squared wave
functions of the most important states. The doping
density is 3.2 x 10 cm”? ,the lattice temperature
is taken to be 25K, and the decay time of polar
optical phonons is 5ps.

The e-imp scattering is similar to the e-e scat-
tering. They are both coulombic interactions. they
should also play similar roles in the transport
properties of QCLs. As we know ,the e-e scatter-
ing is important in coupling the near resonant
states between the active region and the injector/
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Fig.1 Schematic conduction band profile and squared
wave functions of the THz QCL under an electric field
of 12kV/cm  The eigen energies and wave functions
are obtained by solving the effective mass Schrodinger
equation for a band structure spanning three modules.
Only two modules are shown here.

collector region, while the electron-L O-phonon
scattering is important for electronic cascade
within the active region. The e-imp scattering pro-
vides an additional channel connecting the injec-
tor/ collector region and the active region. Our
simulation results support these qualitative judg-
ments. In Fig. 2,we show the time derivation of
the subband occupation with and without the e
imp scattering. For each case, the curves from
high to low concentration correspond to subbands
2,1,5,3,4,respectively. We can see that in the
presence of the eimp scattering,electrons redis-
tribute among three subbands 1,2,and 5. The e-
lectron concentration in subband 5 increases
greatly ,and the corresponding population inver-
sion is also enhanced. Thus the e-imp scattering is
an efficient channel of electron injection/ subtrac-
tion. Due to the short electron lifetime in
subbands 3 and 4, their concentrations are little
affected by the e-imp scattering. Our simulation
results also show that the electron current across
the device increases due to this additional current
channel. It changes from 900 to about 1300A/
cm ?. The electron current that we get here is lar-
ger than the experimental result. This is attributed
to the coherent model ,which is used to get the e-
lectron wave functions here. In real devices,wave
function localization due to interface roughness,
alloy,and impurity scattering is important. This
makes the electron injection and subtraction
process much less efficient than predicted by the
coherent model. The use of the tight binding mod-
el within the density matrix formalism may solve
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this problem!*’.
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Fig.2 Time derivation of subband occupation in one
module The dashed lines are results without taking
into account the electronionized-impurity scattering,
and the solid lines with this effect. For both cases,
from high to low concentration the five lines corre-
spond to subband indices 2,1,5,3,4 ,respectively.

4 Conclusion

In summary ,we have studied the influence of
the ionized impurity scattering on transport prop-
erties of resonant-phonon-assisted THz QCLs by
using the Monte Carlo method. This scattering
mechanism is as important as the e-e scattering in
the electron injection and subtraction process. The
electrons redistribute in different subbands, and
the device current increases due to the presence of
e-imp scattering. Thus we have to include it in the
simulation of THz QCLs. The overestimation of
the current when including the e-imp scattering is
due to the exclusion of wave function localization
in the present model.
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