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Simulation of transport properties in mid-infrared
quantum cascade lasers
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Abstract ; Simulation of transport properties in mid-infrared quantum cascade lasers (QCLs) with different structures at
different temperatures based on non-local transport model is reported. With this model, drift-diffusion equations were
solved with modification of current density by accounting for long-range carrier transport including quantum tunneling,
mini-band tunneling and hot carrier transport in the device. The simulation with the above model was compared with ex-
perimental data and reasonable agreements with experiments have been obtained with some reasonable fitting parameters.
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Introduction

As a complex quantum system, quantum cascade

lasers (QCLs) can been modeled in various ways,

1''*) | Monte-Carlo simula-

s . . . 8-10
, non-equilibrium Green “s function"*" | to

from rate equation mode
tions'*”’
density matrix model'"""?'. Most of these theories are
based on microscopic modeling scale which can only
predict carrier dynamics in short range without a mac-
roscopic consideration of long-range carrier transport
in the whole device. Besides, it$ clear that such types
of models will be time-consuming if extended to

large-period QCLs. So a numerically efficient model
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will be necessary to predict carrier dynamics in
QClLs.

. . 13-14
In our previous articles' *"*/

, a simulation study
of carrier transport in mid-infrared QCLs with differ-
ent periods based on non-local transport model was re-
ported. With non-local mobility (u,) and mean free
path (MFP A,) as fitting parameters, reasonable a-
greement was obtained at low temperature when the
tunneling path from the injector ground level to the
upper laser level is expected to significantly contribute
to the current and the electrons excited to the continu-
um are negligible. However the agreement with ex-
periment is not very good when leakage current can
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not be ignored, for example, at high temperature.
The fitting results showed that non-local mobility and
MFP should scale with periods linearly.

In this paper, we will report a simulation study
of transport properties of a couple of mid-infrared
QCLs at different temperatures based on improved
non-local transport model. This model has been im-
plemented in LASTIP and PICS3D softwares'"’.
Models and simulation methods are described in sec-
tion 2, where detailed discussion of non-local trans-
port model is shown. The simulation results and anal-
ysis are demonstrated in section 3. Conclusions made
from the study are given in section 4.

1 Transport model

This model is an integration of a number of trans-
port models on both microscopic and macroscopic
scales'"”’. On the microscopic scale, quantum mechan-
ical computation was performed to find quantization
states and rate equations were used to compute carrier
distribution and optical gain of the device. On the
macroscopic scale, as a unipolar semiconductor de-
vice, two basic equations used to govern the electrical
behavior of QCLs, Poisson$ equation and current con-
tinuity equation for electrons can be written as follows

& 8(0

_ v ( 0< d
—n+p+N,y(1-f,) =N,fy + ;Nz:f(éj _fij) , (1)
v ‘In - ZRZ - R.Yp - RS/ - Rau + G()p/ ( t)

)
= & +Np ﬁ (2)
at at

The primary function of our simulator is to solve

VV) =

these equations self-consistently for the electrostatic
potential , the electron concentrations. The carrier flux
densities J, can be written as functions of carrier con-
centration and the quasi-Fermi level.

J,=nu, VE;, +J,. (3)

When using above equation, the usual boundary
of thermionic emission is imposed and this ensures
that thermal carriers with energy higher than a barrier
or a hetro-junction can flow through to account for the
thermal behavior of the device.

Last term J, is a correction to the first term, the
classical drift-diffusion current. They represent long-
range mechanisms such as quantum tunneling, mini-
band tunneling, and hot carrier transport. Such a cor-
rection is implemented as non-local transport current
density flowing from mesh point i to a remote point j,
which we choose according to some reasonable as-

sumption of length scale of interaction.

In analogy to the classical Drude ‘s scattering
model for metals''® | we assumed the general trend
for hot carriers and long range tunneling decay with
distance between mesh point i to j exponentially, u-
sing a characteristic MFP A, .

Ju = exp( - dij/)\n) nin_/'/“LnI[E/'n(i) - Efn(i)] , (4)
where the subscripts i and j denote quantities evalua-
ted at mesh point i and at a remote site j, respective-
ly, and w,, are non-local mobility of carriers transpor-
ting from i to j.

According to the density matrix model reported
by Terazzi et al.'"™™', the current density between
ground state of injection and upper lasing level cou-
pled through injection barrier can be expressed as
%{H(A)[% -nyexp(-B1 Al)] +
0(-A)[n, exp(=B1 Al) —ny]}, (5)

where ¢ is elementary charge, /() is coupling energy

through the barrier, d is the difference between two
centroids of the wave functions, y is broadening of
state, A is the detuning between subband energy, 6
(x) is the Heaviside function, with §(x*) =1, 6
(x7) =0 and 6(0) =0.5, B =1/kT, with k the Boltz-
mann constant, 7, is the net population of level g and
n, is the net population of level 3.

Using equation above and assuming n, > > n,,
the equivalent electron mobility from level g to level 3
can be expressed as

o = A O 1008) w0 M) ena -

BlADT, (6)

where F is applied field and A is a fitting parameter.
Since the current is dominated by resonant tunneling
current after turn on, we assumed the same trend of e-
quivalent electron mobility from mesh point i to j. It
should be pointed that the non-local mobility u, and
non-local MFP A, do not have their usual meaning
within the framework of classic transport theory.

2 Simulation results and discussion

The structure studied here is a three-well vertical
transition active region QCL with In, ; Ga, ,; As/
Al 4In, 5, As multiple quantum wells lattice matched
to InP and designed for emission at 8 pm. Specific
details and experimental results can be found in Ref.
17.

With the transport model shown in section 2,
we computed the J-V characteristics of QCL at differ-
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ent temperature and compared with experimental da-
ta. Fig. 1 shows both calculated and experimental J-
V curves of QCL at 100 K and 425 K, respectively.
Excellent agreement can be seen with the fitting pa-
rameters shown in Table 1. y is the broadening of
state  which is usually a few of milli-electron
volts' "*'?) . Effective threshold field ( F, ) is used to
effectively describe the current threshold of QCLs.
At low temperature, the field is comparable with the
resonant field. At high temperature, however, there
will be some additional leakage paths, for example,
thermionic emission into the active region states, into
the continuum and scattering into indirect valley

states within the band structure!*’

, so the effective
threshold field will decrease. Non-local mobility
(m,) and MFP (A ,) are the fitting parameters which
are proportional to the number of periods in QCLs
since one-dimensional density of states is proportional
to the period number of a QCL'™, Mobility factor
(f,) and MFP factor (f,) are defined as the effec-
tive mobility and MFP per period. The actual non-lo-
cal mobility and MFP used in calculation is u,, = Nf,u
and A, = Nf,, respectively, where y is the normal-
ized non-local mobility computed from Eq. 6 ( see
Fig. 2).

>
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Fig. 1 Calculated and experimental J-V curves of the

three-well active region QCL at 100 K and 425 K
1 7£100 K F1425 K &40, =5 B X 55
RIRBO GRS RS SR 25 R X IR

Figure 2 shows that non-local mobility reaches a
peak at the effective threshold field. At low tempera-
ture, only the tunneling path from the injector ground
state to the upper laser state is expected to significant-
ly contribute to the current. So the effective threshold
field is equivalent to resonant field as shown in Fig. 3
(a). At high temperature, the effective of additional

paths can not be ignored, so the device will turn on

before resonant, as shown in Fig. 3(b). Broadening
of the state is set to be 2 meV and 5 meV at 100 K
and 425 K, respectively, so the slope of the non-local
mobility at 100 K is much larger than that at 425 K,
corresponding to the different differential resistance at

different temperature as shown in Fig. 1.
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Fig.2  Normalized non-local mobility at 100 K ( open
squares) and 425 K (open circles) for the three-well active
region QCL
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Fig. 3 Conduction band diagram and sub-bands involved in
lasing transition in two periods of active/injector region (a)
100 K and, (b) 425 K

K3 PIEHA TR/ TEA X Z 5 5 B 1 Y S 451 14 L
L h 2 5 O LR B T REZLY 23 A5 18] (2) 100K, (b)
425K



6 1]

quantum cascade lasers

LI Ying-Ying et al:Simulation of transport properties in mid-infrared

489

Table 1  Fitting parameters for three-well active region
QCL

x1 —EBETHARREFREHLFINUSSH

Table 2  Fitting parameters for four-well active region
QCL

x2 METHARXREFREHLFIHUSSH

T/K v /meV Fo/(V/m) f/(e®/V +s)  f)/pm T/K v/meV Fo/(V/m) f/(e®/V +s)  f/pm
100 2 5.00E +06 1 0.003 80 2 10.2E +06 3.14 0.0084
425 5 3.60E +06 0.47 0.0015 300 4 9.3E+06 1.16 0.0029

To give a further validation of our transport mod-
el, we did another group of simulation based on a four-
well active region QCL with In, ( Ga, 5, As/Al, o Ing 5,
As and designed for emission at 4.6 pm'”''. With fit-
ting parameters shown in table II, a reasonable agree-
ment is found at both 80 K and 300 K, as shown in
Fig. 4. Field dependent mobility calculated from Eq.
6 is shown in Fig. 5. All the fitting parameters have
the same trend of the three-well active QCL shown a-

bove.
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Fig. 4 Calculated and experimental J-V curves of the four-
well active region QCL at 80 K and 300 K
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Fig. 5 Normalized non-local mobility to account for long-
range carrier transport at 300 K (open circles) and 80 K
(open squares) for a four-well active region QCL
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Fig. 6 (a) Non-local MFP factor, and (b) mobility factor
for QCLs with different structures at different temperatures
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We can see from Fig. 6 that non-local MFP factor
and mobility factor at high temperature are lower than
those at low temperature since carriers will be scattered
more easily at higher temperature. Figure 6 also shows
that MFP factor and mobility factor of structure B are
much larger than those of structure A. It can be ex-
plained that the thin barrier-well pair added in the
four-well active region in structure B had improved the
coupling between ground level of injection and upper
laser level. According to Eq. 6, the factors of struc-

ture B should be larger than those of structure A.
3 Conclusions

We have presented a simulation study of trans-
port properties of QCLs at different temperature based

on non - local transport model . The most important issue
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in simulation is the values of fitting parameters, inclu-
ding broadening of state (), effective threshold field
(F,) , non-local mobility factor (f,) and non-local
MFP factor (f,).

while mobility and MFP factors will decrease with

v will increase with temperature

temperature. With reasonable values of fitting param-
eters, good agreements have been obtained for QCLs
with different structures at different temperature. Al-
though we have a few fitting parameters in our mod-
el, the present non-local transport model is still one of
the most promising models to predict the transport
characteristics in QCLs or other structures with
hundreds of barriers, such as quantum well infrared
photodetectors (QWIPs) and type II superlattice pho-

todetectors.
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