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Nonequilibrium Green’s function calculation for four-level scheme terahertz
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We have calculated the performance of a recently proposed four-level scheme terahertz quantum
cascade laser (4L terahertz-QCL) with the nonequilibrium Green’s function method. The calculation
result for 40 K showed that the 4L QCL has a larger terahertz gain than the conventional resonant
phonon QCL. This is because a large number of electrons accumulate in the upper lasing level and
contribute to lasing in the new scheme. When the temperature is increased, the advantage of gain
decreases due to thermally activated phonon scattering. © 2009 American Institute of Physics.
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Remarkable progress on terahertz quantum cascade la-
sers (terahertz-QCLs) has been made since their first demon-
stration in 2002.'2 Low-frequency operation at 1.2 THz,’
high continuous wave output power of 138 mW,* and high
operation temperature at 178 K (Ref. 5) have been achieved
for terahertz-QCLs. However, operation of terahertz-QCLs at
room temperature has not yet been realized. Operation tem-
peratures of resonant phonon QCLs,*’ which are thought to
be appropriate for high-temperature operation, tend to be
limited by hf/kg (kg is the Boltzmann constant). Recently,
some attempts were made to introduce a four-level (4L)
scheme to the QCLs.6_8 These ideas intend to improve elec-
tron injection to the upper lasing level. Although the 4L
scheme QCLs appear to be similar to the double resonant
phonon QCL,9 where electrons in the lower lasing level are
scattered twice by longitudinal optical (LO) phonons, the
“indirect-pump” 4L QCLs proposed by Yamanishi et al.™®
differs from the double resonant phonon scheme in that elec-
trons are scattered directly to the upper lasing level by the
second LO phonons. Operation of the indirect-pump 4L QCL
at 8 um with a low threshold current density of 2.7 kA/cm?
and a high output power of 362 mW at room temperature
was reported.7 The characteristic temperature 7, at 303 K of
this laser is the highest among reported QCLs, which implies
excellent temperature stability of the threshold current. The
indirect-pump 4L QCL might have potential for room-
temperature operation in the terahertz frequency range.

In this work, we have calculated the performance of the
indirect-pump 4L terahertz-QCL by using the nonequilibrium
Green’s function theory (NEGF) and considered its advan-
tage and feasibility for high-temperature operation. The
NEGEF is a first-principle calculation method first developed
in the 1960s by Keldysh10 and Kadanoff and BaymIl and
applied to the analysis of QCLs by several groups.lz_14 The
details of our NEGF program are largely based on the study
of Lake ef al." In our calculation, a real-space eigenbasis16
was used and the QCL is treated as an open quantum device
using lead self—energies.14 The electrons are described within
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a one-band model with an effective mass. The acoustic pho-
non, optical phonon, charged impurity, and interface rough-
ness scatterings are taken into account as self-energies
evaluated within the self-consistent Born approximation.
Electron-electron interaction was treated in the Hartree ap-
proximation. Dyson’s equation, Keldysh relation, and Pois-
son’s equation were solved self-consistently until the re-
tarded Green’s function GR(z,z’,k”,E) and the correlation
function G~(z,z’ ,k),E) converged. The position coordinates
z and z’ were taken in the direction of the crystal growth, k;
the in-plane wave vector, and E the total energy.

Figures 1(a) and 1(b) illustrate the spectral functions
A(z,E)=i[G®(z,2,0,E)-G*(z,2,0,E)] and the conduction
band diagrams for one period of the conventional resonant
phonon and the indirect-pump 4L QCLs, re:spectively.&17 The
maxima of the spectral function represent resonant states. We
define the injector, active, and ejector regions as shown in
Figs. 1(a) and 1(b) for convenience. One period of the reso-
nant phonon QCL sequence is 3.0/9.0/5.5/8.1/2.7/6.3/4.1/
153 nm. The bold and regular numbers represent
Al 15Gag gsAs and GaAs layers, respectively. The underlined
quantum well is n-doped with n=1.2x 10'® ¢cm™. To reduce
memory consumption, the structure was drawn in the 0.9 nm
pitch mesh in our NEGF calculation. Therefore, the barriers
not matching with the mesh were adjusted with the effective
barrier height. The applied electric field was set to 9.3 kV/
cm. On the other hand, one period of the indirect-pump 4L
QCL sequence was taken as 1.8/9.9/2.7/7.2/2.7/14.4/0.9/9.9/
3.6/17.1 nm. The bold and regular numbers represent
Al ;Gay77As and GaAs layers, respectively. The underlined
9.9-nm-thick quantum well is n-doped at the level of 1.2
X 10'% ¢cm™. The applied electric field was 16.0 kV/cm. The
left and right sides of both QCLs are connected to the elec-
trodes. We developed a “quasiperiodic” contact model to ex-
press the periodic nature of the QCL.14 The width of the
rightmost barrier around z=60 nm in Fig. 1(a) was set to be
the same as that of the leftmost barrier. The chemical poten-
tials in the contacts were determined by (i) the global charge
neutrality of the device and (ii) the applied voltage drop
between the contacts. It has been demonstrated that this way
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FIG. 1. [(a) and (b)] Conduction band schematics of the resonant phonon
QCL and the indirect-pump 4L QCL, respectively, calculated using the
NEGF program. Contour plots represent the spectral function A(z,E). (c)
Absorption coefficient a(z,w) of the indirect-pump 4L QCL.

of treating the contacts has negligible influences on the cal-
culated results.'* This allows us to limit our calculations on
one period of the QCL. For both QCLs, the lower lasing
levels (labeled with 2) are depopulated by the resonant emis-
sion of LO phonons. The LO phonon energy E| g in GaAs is
36 meV. In the conventional design given in Fig. 1(a), the
upper lasing level (labeled with 3) is aligned with the left-
most state and is resonantly filled. In contrast, in the indirect-
pump 4L QCL of Fig. 1(b), electrons are injected to level 4
and scattered from level 4 to the upper lasing level (labeled
with 3) by emission of LO phonons. Here, no resonant tun-
neling contributes to the filling of the upper lasing level. On
this point, the new QCL differs from conventional resonant
phonon QCLs.

To obtain optical gain, the optical field is included as
perturbation to the Hamiltonian. Then, the changes in the
Green’s functions and self-energies caused by the perturba-
tion, the change in the current density, and the complex sus-
ceptibility are calculated.'? Since the Green’s functions are
expressed by the real-space eigenbasis, the z-dependence of
the absorption coefficient can be obtained. Figure 1(c) shows
the calculated absorption coefficient a(z,w) of the indirect-
pump 4L QCL as a function of position and photon energy at
40 K. The local optical gain is observed mainly in the two
wells defined as the active region. The maximum local opti-
cal gain in Fig. 1(c) reaches 73 cm™' at 4.4 THz, while that
of the resonant phonon QCL remains 10 cm™' at 3.0 THz.
The total gain over one period of the indirect-pump 4L QCL
is 14 cm™', which is significantly larger than that of the reso-
nant phonon QCL of 4 cm™', although the number of doped
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FIG. 2. (Color online) (a) Energy-resolved electron distributions in the in-
jector, active, and ejector regions of the resonant phonon QCL at 40 K. (b)
Spectral functions, that is, density of states with k=0 of the QCL at 40 K.
[(c) and (d)] The same as (a) and (b) for the indirect-pump 4L QCL.

impurities in the former QCL is slightly lower than that in
the latter. This can be explained by the number of electrons
that contribute to the laser oscillation. Figures 2(a) and 2(b)
show the energy-resolved electron distributions [p(z,E)dz=
-2fdz Im[dkG=(z,z,k;,E)/(2m)? in the injectors, active re-
gions, ejectors, as well as the spectral functions [A(z,E)dz
averaged over one entire QCL period for the resonant pho-
non QCL at 40 K. Figures 2(c) and 2(d) show those for the
indirect-pump 4L QCL. The distribution peak in the ejector
of the conventional QCL around 35 meV in Fig. 2(a) shows
electrons scattered by LO phonons from the upper lasing
level (labeled as 3) in the active region. As further illustrated
in Fig. 2(a), less than one half of the electrons are situated in
the upper lasing level in the active region of the resonant
phonon QCL. In contrast, the electrons in level 4 of the
indirect-pump 4L QCL are relaxed quickly to the upper las-
ing level (level 3) by the LO phonon scattering. Therefore, as
can be seen in Fig. 2(c), almost all the electrons are popu-
lated in the upper lasing level in the active region of the
indirect-pump 4L QCL, which leads to larger optical gain.
We also performed similar calculations for the two QCL
structures at 200 K. The temperature changes the electron
distribution in the electrodes and the temperature of the pho-
non bath. It also changes the Debye screening length with
which the interaction with LO phonons and charged impuri-
ties is screened. The maximum local gain of the conventional
resonant phonon QCL was 3 cm™!. That of the indirect-
pump 4L QCL decreased dramatically to 5 cm™!, compared
to 73 cm! obtained at 40 K. The reduction in gain can be
explained using electron distributions. Figures 3(a)-3(d)
show the energy-resolved electron distributions and the spec-
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FIG. 3. (Color online) The same as Fig. 2 at 200 K. [(a) and (b)] The
resonant phonon QCL. [(c) and (d)] The indirect-pump 4L QCL.

trum functions averaged over one QCL period of the conven-
tional resonant phonon and the indirect-pump 4L QCLs at
200 K. Two degradation mechanisms of population inver-
sions of terahertz-QCLs at high temperatures have been
proposed.2 One is thermal backfilling, by which electrons in
the lasing levels are backfilled from the lower levels by ther-
mal excitation. The other is thermally activated phonon scat-
tering, where electrons in the upper lasing level acquire suf-
ficient in-plane kinetic energy to emit an LO phonon and
relax to the lower lasing level in a nonradiative manner. For
the resonant phonon QCL, thermal backfilling is clearly ob-
served in Fig. 3(a) as the electron distribution curve of the
ejector region extending from the lowest level (level 1) to the
lower lasing level (level 2). Thermally activated phonon
scattering is also revealed in Fig. 3(a). The electron distribu-
tion curve of the active region has a dip around 155 meV.
The energy difference between the dip and the lower lasing
level 2 is about E; 5. This indicates that the electrons in the
upper lasing level acquire thermal energy and those excited
to the states around 155 meV are scattered by the LO phonon
to the lower lasing level 2.

In contrast, the thermal backfilling effect in the indirect-
pump 4L QCL has little influence on the degradation of the
population inversion as shown in the electron distribution in
the ejector region in Fig. 3(c). This is because few electrons
populate in the lowest level (level 1) in the indirect-pump 4L
QCL. The main cause of the population inversion degrada-
tion for the indirect-pump 4L QCL is thermally activated
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phonon scattering. Many electrons populate in the upper las-
ing level, which is a feature of the indirect-pump 4L QCL, as
shown in the electron distribution in the active region in Fig.
3(c). However, the number of electrons scattered by ther-
mally activated phonon scattering is almost proportional to
that in the upper lasing level. Therefore, the advantage of the
indirect-pump 4L QCL deteriorates at high temperatures.
One candidate to reduce the influence of thermally activated
phonon scattering is the application of a high magnetic field
to quench the lateral motion of electrons or the use of a
material with a large LO phonon energy. Indirect-pump or
resonant phonon QCLs using a GaN-based material system
with GaN LO phonon energy of about 90 meV would be
promising for high-temperature operation of terahertz-QCLs.

In summary, we simulated the performance of the
indirect-pump 4L terahertz-QCL with the NEGF method.
The simulation result for 40 K showed that the indirect-pump
4L QCL has a larger terahertz gain than conventional reso-
nant phonon QCLs. The main reason for this is that a larger
number of electrons contribute to lasing in the new scheme.
However, the advantage of gain deteriorates at 200 K due to
thermally activated phonon scattering.
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