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a  b  s  t  r  a  c  t

High-power  terahertz  sources  operating  at  room-temperature  are  promising  for  many  applications  such
as  explosive  materials  detection,  non-invasive  medical  imaging,  and  high  speed  telecommunication.
Here  we  report  the results  of  a  simulation  study,  which  shows  the  significantly  improved  performance  of
room-temperature  terahertz  quantum  cascade  lasers  (THz  QCLs)  based  on  a  ZnMgO/ZnO  material  system
employing  a  2-well  design  scheme  with  variable  barrier  heights  and  a  delta-doped  injector  well.  We  found
eywords:
nO
gO

nMgO
uantum well devices
uantum cascade lasers

that  by  varying  and  optimizing  constituent  layer  widths  and  doping  level  of  the injector  well,  high power
performance  of THz  QCLs  can be achieved  at room  temperature:  optical  gain  and  radiation  frequency  is
varied  from  108  cm−1 @ 2.18  THz  to 300  cm−1 @ 4.96  THz.  These  results  show  that among  II–VI  compounds
the  ZnMgO/ZnO  material  system  is optimally  suited  for high-performance  room-temperature  THz QCLs.

© 2019  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.

erahertz radiation

. Introduction

The Terahertz (THz) spectral region is defined as the elec-
romagnetic wave with a frequency range between 0.1 THz and
0 THz. In the last two decades the problem of fabrication of ter-
hertz devices like THz sources and THz detectors has attracted
any research groups because these devices could be used in

ifferent kinds of applications such as detection of explosive mate-
ials, non-invasive THz imaging in medicine, security applications,
igh speed telecommunications and short-distance communica-
ions in air as required for pure in-house applications [1]. All
hese applications require relatively high power terahertz sources
ith milliwatt-level output power, which could operate at room

emperature. In recent years, different concepts and approaches
f terahertz source were suggested, such as resonant-tunneling
iodes (RTDs), large-area photoconductive antennas, photomixers,
uantum cascade lasers (QCLs), and difference frequency gen-
ration QCLs (DFG-QCLs). Resonant-tunneling diodes (RTDs) are
sually based on InGaAs/GaAs and have a microwatt-level output
ower at room-temperature and their maximum operating fre-

uency is less than 2 THz [2]. Terahertz sources such as optical
hotomixers and DFG-QCLs can be tunable over a wide range of
erahertz spectra from 1.2 THz to 5.9 THz, but they also have low
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output power, which limits their use in practical applications. THz
QCLs can produce milliwatt-level output power, but they require
cryogenic cooling down to less than 200 K [1]. The first demonstra-
tion of THz QCLs (4.4 THz at 50 K) has been reported by Köhler et
al. in 2002 [3]. The most reported THz QCL devices are based on
the AlGaAs/GaAs material system. The maximum operation tem-
perature of 200 K was reported by Fathololoumi et al. in 2012 [4]
for 3.22 THz Al0.15Ga0.85As/GaAs THz QCLs in pulse mode operation
based on a 4 well diagonal design scheme with longitudinal-optical
phonon (LO-phonon) depopulation of the lower laser state. To over-
come the problem of low-temperature operation of the THz QCLs
several approaches have been suggested such as QCLs with a tall
quantum barrier, QCLs with variable barrier heights and others.
Also other material systems have been considered and studied
such as InGaAs/GaAs, AlGaN/GaN, InGaN/GaN, ZnMgCdSe/ZnCdSe,
ZnMgSe/ZnSe, ZnMgO/ZnO, SiGe/Si [1,4–6]. For design and fabri-
cation of high-performance room-temperature THz QCLs, a II VI
wide bandgap material system like ZnMgO/ZnO has several advan-
tages in comparison to the AlGaAs/GaAs such as higher value of
LO-phonon energy (72 meV  for ZnO vs. 36 meV for GaAs) and higher
conduction band offset (CBO) values (2̃.38 eV for ZnO/MgO vs.
0.72 eV for GaAs/AlAs) [5]. It is well known that ZnO-based materi-
als have spontaneous and piezoelectric polarizations, which play an
important role regarding optical properties and resulting built-in
electric field in c-plane ZnO-based heterostructures. To overcome

this problem it was  suggested to use non-polar m-plane grown
heterostructures. Recently, Bajo et al. [7] reported on successful
fabrication m-plane ZnMgO/ZnO multi-quantum wells with low

B.V. All rights reserved.
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Fig. 1. (a) Schematics structure of THz QCL device based on ZnMgO/ZnO multi-quantum well heterostructues. Conduction band profiles of THz  QCL devices based on different
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esigns: (b) 3-well design scheme with fixed barrier heights, (c) 2-well design sche

efects density and investigated intersubband absorption in such
tructures.

In this paper we report on the design and simulation study of
igh power room-temperature THz QCLs based on a non-polar m-
lane ZnMgO/ZnO material system and employing a 2-well design
cheme with variable barrier heights and delta-doped injector well.

e show that by varying and optimizing the constituent layer
idths and doping level of the injector well, high power perfor-
ance of THz QCLs can be achieved at room temperature: optical

ain and radiation frequency is varied from 108 cm−1 @ 2.18 THz
o 300 cm−1 @ 4.96 THz.

. Device design, methods and model

In this paper we report on the results of a numerical study of
nMgO/ZnO-based THz QCLs with different layer structures and
esigns as shown in Fig. 1a–d, which include a 3-well design
cheme with fixed barriers, a 2-well design scheme with fixed
arrier, and a 2-well design scheme with variable barrier heights.
he electronic quantum transport and optical gain of ZnMgO/ZnO-
ased THz QCLs were investigated numerically within single band
ffective mass approximation. The time-independent Schrödinger
quation within the single-band effective mass approximation can
e written as:

−�
2

2
∂
∂z

1
m(z)

∂
∂z

+ (eV(z)�EC (z))

]
� (z) = E� (z), (1)
here m(z) is the position-dependent electron effective mass in the
 direction, V(z) is the electrostatic potential, �EC(z) is the stepwise
unction due to the conduction band discontinuity, �(z) is the eigen
ave function, and E is the energy eigenvalue.
ith fixed barrier heights, (d) 2-well design scheme with variable barrier heights.

The electrostatic potential V(z) is determined by solving the
Poisson equation, which is given in the absence of polarization by
[8]:

∂
∂z

[
−ε(z)

∂
∂z

V(z)

]
= q (ND(z) − n(z)) , (2)

where ε(z) is the position-dependent dielectric constant, V(z)
is the electrostatic potential, ND(z) is the ionized donor dop-
ing concentration, and n(z) is the free electron concentration.
The system of coupled Eqs. (1) and (2) was solved numerically
using nextnano.MSB solver software [9] which is based on the
modified non-equilibrium Green’s function (NEGF) method. The
used nextnano.MSB software includes the following scattering
mechanisms: electron-longitudinal optical (LO) phonon scattering,
electron-electron scattering, electron-longitudinal acoustic (LA)
phonon scattering. It is a memory efficient method and it has
successfully predicted the experimental results of AlInAs/InGaAs-
and GaAs/AlGaAs-based mid-infrared and THz QCL lasers [10]. The
details of a model used in this paper can be found in Ref. 10. For
Zn1-xMgxO quantum barriers the material parameters were lin-
early approximated between the respective values of ZnO and MgO.
At a temperature of T = 0 K the CBO of Zn1-xMgxO used in the cal-
culations is equal to 2.38x eV, and the bandgap energy is equal
to 3.437 + 3.40x for x < 0.4. The other material parameters used
were taken from [5,11,12] and summarized in Table 1. In order to
enhance quantum transport in the considered quantum structures,

the first well of QCLs were n-doped with a concentration varied
from 1 × 1016 cm−3 to 1 × 1019 cm−3. The temperature was varied
from 100 K to 300 K. The cross section area of all the investigated
QCL devices is of 0.15 × 1.80 mm2.
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Table  1
Summary of material parameters.

Material ZnO MgO

Bandgap energy at 0 K (eV) 3.437 6.8
Varshni parameters

� (meV/K) 0.2 0.3
�  (K) 325 295

Electron effective mass (m0) 0.24 0.35
Material density (kg/m3) 5606 3580
LO-phonon energy (meV) 72 92
Deformation potential (eV) −3.80 −1.95
Sound velocity (m/s) 6080 9080
Low  frequency dielectric constant � 8.10 9.83
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rent density-voltage characteristics of the THz QCL laser were
0

High frequency dielectric constant �∞ 4.11 2.95

. Results and discussion

The scheme and structures of numerically investigated
nMgO/ZnO THz QCL devices with different designs are shown in
ig. 1b–d. These THz QCLs are based on designs with diagonal laser
ransitions, employing resonant-tunneling and intra-well depop-
lation of lower laser state mechanisms. As reference, we have
hosen the design of ZnMgO/ZnO THz QCL suggested by Bellotti
t al. [5]. This THz QCL device consists of three ZnO quantum wells
nd Zn0.85Mg0.15O quantum barriers (Fig. 1b). The layer thicknesses
f one cascade of such a THz QCL starting from the injector barrier
n nm is: 3.0/3.1/2.5/2.4/3.4/5.5, where the underlined quantum

ell is homogeneously n-type doped with a concentration of
 × 1016 cm−3. Our approach for high-power room-temperature
nMgO/ZnO THz QCLs are based on a 2-well design scheme employ-
ng the fixed and variable barrier heights (Fig. 1c and 1d) and

 delta-doped injector well of 1 × 1018 cm−3. The layer thick-
esses of one cascade of such structures starting from injector
ell in nm are equal to 2.7/6.0/2.6/4.0 and 2.7/6.0/1.5/4.0, respec-

ively. The THz QCL with fixed barriers consist of Zn0.85Mg0.15O
uantum barriers, while devices based on a design with variable
arrier heights consist of Zn0.80Mg0.20O and Zn0.70Mg0.30O quan-
um barriers. For comparison, we have also simulated the best
xperimental Al0.15Ga0.85As/GaAs THz QCL based on a 3-well design
cheme with fixed barriers [4]. The layer thicknesses of one cas-
ade of this THz QCL starting from the injector barrier in nm is:
.3/8.9/2.46/8.15/4.1/16, where the last quantum well is homo-
eneously n-type doped with a concentration of 6 × 1016 cm−3.
n Fig. 1b–d states 1, 2, and 3 represent the ground, lower laser
nd upper laser states respectively. States 1′ and 3′′ represent the
round state of the preceding period and the upper laser state of the
ollowing period, respectively. The electrons are injected into upper
aser level 3 from the injector level 1′ by resonant-tunneling (RT).
he THz laser emission is due to the 3 → 2 photon-assisted diago-
al tunneling transition. The depopulation of the lower laser level 2
ccurs directly by fast intra-well electron-longitudinal-optical (e-
O) phonon scattering back into the injector level 1, where E21 ≈
ωLO ≈ 72 meV. THz QCL structures use diagonal laser transitions
3 → 2) that suppresses nonradiative transitions.

The dependences of the optical gain of THz laser emission as
unction of temperature for AlGaAs/GaAs and ZnMgO/ZnO THz
CLs with different design schemes are shown in Fig. 2. It can
e seen that optical gain of all devices decreased with increas-

ng temperature. The calculated maximum operating temperature
f AlGaAs/GaAs THz QCL is about 200 K, which is in good agree-
ent with experiment [4]. The calculated radiation frequency of

his device at 200 K is 3.50 THz, slightly higher than the experi-
ental value of 3.22 THz. Thus, these results confirm the validity
f the used model and software. As can be seen from Fig. 2, among
ll devices, at room temperature the best value of optical gain of
00 cm−1 @ 4.96 THz is given by the ZnMgO/ZnO THz QCL with a
Fig. 2. Calculated optical gain of terahertz laser emission for four THz QCL  devices
with different designs as function of temperature.

2-well design scheme and variable barrier heights. This value is sig-
nificantly higher than the performance of the other devices: 60 cm-1

@ 3.13 THz for ZnMgO/ZnO THz QCL with a 2-well design scheme
and fixed barrier heights, and 1.4 @ 7.13 THz for ZnMgO/ZnO THz
QCL with a 3-well design scheme and fixed barrier heights [5]. The
higher laser performance of ZnMgO/ZnO THz QCLs compared with
AlGaAs/GaAs is attributed to the higher LO-phonon energy in ZnO
(72 meV  for ZnO vs. 36 meV  for GaAs). The approach of THz QCL
devices with a 2-well design scheme employing alternating vari-
able barrier heights leads to further enhancement of optical gain:
the barriers with lower heights enhance electron injection in the
active region, while the barriers with higher heights limit escap-
ing of injected carriers from the quantum well and also reduce
thermally activated carrier leakages via higher-energy parasitic
levels [6]. Moreover, by varying and optimizing constituent layer
widths and barrier heights, the optical gain and radiation frequency
of ZnMgO/ZnO THz devices at room temperature can be tailored
from 108 cm-1 @ 2.18 THz (for a device with Zn0.90Mg0.10O and
Zn0.80Mg0.20O quantum barriers and layer thicknesses of one cas-
cade in nm of 2.7/6.2/1.5/11.9) to 300 cm-1 @ 4.96 THz (for a device
with Zn0.80Mg0.20O and Zn0.70Mg0.30O quantum barriers described
above and shown in Fig. 2).

Figures 3(a) and 3(b) shows the current density-voltage char-
acteristics at different temperatures for two ZnMgO/ZnO THz QCL
devices with different design schemes: with fixed barrier height
and with variable barrier heights, respectively. As could be seen
from Fig. 3(a) and 3(b) for both QCL structures a negative differ-
ential resistance (NDR) is observed at voltages lower than 60 mV
per period. For both QCL structures the increase of temperature
increases the current density due to the thermal activation of the
free carriers, and also reduces the peak-to-valley (PVR) ratio of
the current density. The increase of the temperature from 100 K
to 300 K leads to the slightly shifted peak voltage from 29 mV  to
39 mV  for a QCL structure with fixed barrier heights [Fig. 3(a)],
and from 36 mV  to 50 mV  for a QCL structure with variable barrier
heights [Fig. 3(b)]. The shifting of threshold voltage with increase
of temperature of both THz QCL lasers is caused by the tempera-
ture dependence of the bandgap energy of ZnO and MgO  materials,
which leads to changing of the shape of the conduction band dia-
gram, as well as positions of the respective ground, upper laser
and lower laser levels. The presence of NDR feature in the cur-
observed experimentally by Kumar et al. [13] and Jiang et al. [14] for
GaAs/AlGaAs THz QCL lasers with different designs, as well as for a
ZnSe-based THz QCL in our previous works [6,8]. The nature of the
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[
operating significantly above the temperature of ��/kB, Nat. Phys. 7 (2011)
166.

[14] A. Jiang, A. Matyas, K. Vijayraghavan, C. Jirauschek, Z.R. Wasilewski, M.A.
Belkin, Experimental investigation of terahertz quantum cascade laser with
variable barrier heights, J. Appl. Phys. 115 (2014) 163103.
ig. 3. Calculated optical gain of terahertz laser emission for two  ZnMgO/ZnO TH
esign scheme with fixed barrier heights, (b) device with 2-well design scheme wit

DR is caused by resonant-tunneling transport of free carriers in
he quantum cascade structures. As could be seen from Fig. 3(a) and
(b) the NDR feature in the current density-voltage curve is present
p to room-temperature for both QCL structures. This NDR feature
ould be used for the design and fabrication of electronic devices
or generation and amplification of high frequency emission.

. Conclusions

In summary, for the first time room-temperature non-polar m-
lane ZnMgO/ZnO THz QCLs based on a 2-well design scheme with
ariable barrier heights is suggested and examined numerically
ere. We  show that m-plane ZnMgO/ZnO THz QCLs with a novel
esign scheme employing variable barrier heights and delta-doped

njector well provide improved performance at room temperature
optical gain of 108 cm−1 @ 2.18 THz and 300 cm−1 @ 4.96 THz)
ompared to conventional AlGaAs/GaAs and c-plane ZnMgO/ZnO
Hz QCL devices based on a 3-well design scheme with fixed barrier
eights.
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