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We  investigate  the  light-current-voltage  characteristics  and  emission  spectra  of  2.3  THz  quantum  cascade
laser  operating  in the  negative  differential  resistance  (NDR)  region.  It was  shown  that  the  formation  of
electric  field  domains  (EFDs)  leads  to  a large  number  of  discontinuities  on the current-voltage  and  the
total  optical  power  on  current  characteristics.  Measurements  of emission  spectra  at  different  current
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(before  the  NDR  region  and  in  the  NDR  region)  shows  that  the  formation  of  EFDs  results  in decrease
of  the  output  intensity,  but does  not  influence  on Fabry-Perot  multi-mode  structure  of  THz  QCL.  The
developed  theoretical  model  predicts  the  formation  of  EFDs  in  the  NDR  region  and  qualitatively  explain
the  experimental  results.

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

egative differential resistivity

. Introduction

Electron transport in quantum cascade lasers (QCLs) is based on
 combination of resonant tunneling and intersubband scattering in
ultiple quantum wells (MQWs), which may  be called as sequen-

ial resonant-tunneling. The first experimental observation of the
equential resonant-tunneling is demonstrated for MQWs  super-
attice with an operating bias point outside the region of negative
ifferential resistance (NDR) [1]. Using this approach and adding
o the structure a doped digitally graded alloy (“injector”), the first
CL is demonstrated [2]. Thus, avoiding NDR in operating dynamic

ange is a common design concept for QCL active regions in order
o prevent instabilities.

The vast majority of QCL designs are based on the assumption of
omogeneous distribution of applied electric field along the entire
ctive region. At the same time, the resonant coupling between
uantized states (for example, between injector level and upper
aser level) is expected to result in appearance of NDR, which is
onfirmed experimentally in many works [3–5]. Moreover, electric
otential distribution inside operating QCLs was  measured thanks

∗ Corresponding author.
E-mail address: sanya@ipmras.ru (A.A. Dubinov).

ttps://doi.org/10.1016/j.opelre.2019.11.002
230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier 
to the scanning voltage microscopy at a cryogenic temperature [6].
It was shown that electric potential might be simultaneously spa-
tial nonuniform and temporally unstable, which corresponds to the
formation of electrical field domains (EFD).

In this work, we  investigate the light-current-voltage (L- I-V)
characteristics and emission spectra of THz QCL operating in the
NDR region. The performed calculations qualitatively explain the
experimental results.

2. Fabrication of THz QCL and measurement procedures

We have designed THz QCL with active module based on four
QWs  GaAs/Al0.15Ga0.85As with resonant-phonon (RP) depopulation
scheme. The maximum gain of the proposed design is realized
under RP conditions at a wavelength of 130 �m which corresponds
to the frequency of 2.3 THz. The laser structure was grown by
molecular beam epitaxy with a 12 �m active region thickness. The
layer thicknesses (in nm)  of one cascade, starting from the injec-
tor barrier, are as follows: 5.7/8.2/3.1/7.1/4.2/16.1/3.4/9.6, where
the thicknesses of GaAs QWs  are shown in bold. The central part of

the wide QWs  is doped with a Si impurity with a layer concentra-
tion of 3.1 × 1010 cm-2. In the structure under study, the active QCL
region lies between the contact layers with a dopant concentration
of 5 × 1018 cm-3. The thickness of the lower n+-GaAs contact layer

B.V. All rights reserved.
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as of 50 nm and the thickness of the upper n+-GaAs contact layer
as of 800 nm.

For fabrication of THz QCL with Au-Au double metal waveguide
e used the conventional processing described in Refs. [7] and [8].

he fabricated ridge structures with a 1.6 and 2.6 mm cavity length
nd a 100 �m cavity width were mounted onto copper C-mounts.

The current–voltage (I-V) characteristics of the fabricated THz
CL structures were investigated at T =4.2 K in the pulsed mode.
Hz QCL on an insert was placed in an STG-40 transport helium
ewar vessel. The structures were fed using an original electron

witch based on an IRF 9510 field-effect transistor. The rectangular
riving voltage pulses with a length of 10–20 �s and a repetition
ate of 100–1000 Hz were formed by a G5-56 generator.

The emission spectra were measured using an evacuated Bruker
ertex80v Fourier spectrometer in the step scan mode [9]. THz
CL with a sapphire hyperhemispherical lens was mounted on the
old finger of the cryostat employing nitrogen vapor evacuation
o cool the laser at 54 K. The laser radiation was  detected by a
oom temperature pyroelectric detector built into the spectrom-
ter. The experiments were carried out without nitrogen purge of
he gap between cryostat windows and spectrometer; therefore,

 part of the THz QCL radiation was absorbed by water vapor in
he surrounding atmosphere. Estimated THz QCL power was about

 mW.

. The theoretical model of THz QCL

The calculation of the THz QCL characteristics starts with
he determination of the integral characteristics of one cascade
epending on the applied voltage. For this, the Schrödinger equa-
ion was solved and the energy levels and wave functions were
etermined [10]. Next, the procedure of localization of wave func-
ions was carried out [11]. After this we calculated the matrix
lements of dipole transitions, the probabilities of scattering by
ptical phonons and impurities, as well as the probability of
lectron-electron scattering in the approximation of thermody-

amic equilibrium in subbands. The probability of tunnel junctions
as calculated in the random phase approximation with Lorentz

ine contours. Level populations were found from a system of bal-
nced equations for one cascade of structure. The electron leakage

ig. 1. Conduction band diagram of the GaAs/Al0.15Ga0.85As four well QCL, wave
unctions, energy levels and dipole matrix elements at a bias of V1 = 48 mV/period
nd T = 54 K where the gain is maximal on frequency of 2.3 THz. The red arrows show
he  intensity of the current flow through the levels.
ics Review 27 (2019) 329–333

times from a localized level to the continuum states were estimated
from the amplitudes of the wave functions in the continuum region
similarly to the lifetimes of optical modes in the cavity [12]. The
need for introducing leakages into the continuum in the analysis
is due to the use of a limited basis of wave functions that does
not take into account the entire set of continuum states. The gain
spectrum was  determined similarly to Refs. [13] and [14] taking
into account the contribution of non-resonant transitions [11]. The
many-particle effects of electron-electron interaction were taken
into account as in Ref. [15]. The calculations of the coefficient of
total losses, including losses on the gold claddings of a double metal
waveguide, on the resonator mirrors and on free charge carriers, as
well as losses from absorption on optical phonons, were carried
out in the same way  as in Ref. [16]. The current – voltage character-
istics and the dependence of the integrated radiation intensity on
the current were calculated on the basis of the distributed model
presented in Ref. [11]. Contact resistance was  considered equal to
3 ohms. Given the large reflection coefficient (R ∼ 0.9) of terahertz
radiation on a laser facet, the mirrors loss coefficient did not exceed
1 cm-1.

For the proposed design of THz QCL with active module based on
four QWs  GaAs/Al0.15Ga0.85As the calculated conduction band dia-
gram, wave functions, energy levels, and dipole matrix elements are
shown in Fig. 1. At the operation bias point V1 = 48 meV  per module,
injector levels 1 and upper laser level 5 are aligned which leads to
resonant tunneling of electrons. Transitions of electron from upper
laser level 5 to lower laser levels 3 and 4 is accompanied by THz pho-
ton emission. Finally, electrons in the lower lasing levels relax to
level 1 through fast electron–longitudinal phonon scattering. This
process then repeats in subsequent modules.

The maximum gain Gmax = 41 cm-1 at 54 K is realized for applied
bias on one cascade V1 = 48 meV  per module (see Fig. 2). Depen-
dence of the current density through the cascade on the V1 shows
that the maximum gain is achieved on the descending branch of the
I–V characteristics, which corresponds to formation of NDR region.
It should be noted that in the lasing mode when photon densities
S>0 the NDR region shifts toward higher voltages (see Fig. 2, dotted
lines) and gain maximum decreases.

4. Experimental results and discussions
Fig. 3 shows the experimental current-voltage (I–V) character-
istics and voltage dependence of the radiation intensity (L–V) for
THz QCL with a 1.6 mm cavity length. Current leakages into the
continuum are small and weakly affect the output characteristics,

Fig. 2. Dependences of the current density through the cascade j (blue) and the gain
G  (red) at a frequency of 2.3 THz on the applied bias V1 at 54 K for photon densities
0  (solid line) and 1.8 1015 cm–3 (dotted line).
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Fig. 4. Voltage profile across the active region of a THz QCL under different bias.
The numbers indicate the voltage (in V) on the structure without the account of the
contacts and external resistances.
R.A. Khabibullin et al. / Opto-El

nd the electric field is almost uniform throughout the structure on
he increasing branch of the I–V characteristics. The lasing thresh-
ld occurs at Jth =785 mA  (voltage – 10.48 V). The nonmonotonic
ehavior of L–V characteristics around 11 V is observed as what
e associate with mode hopping. The peak power of THz QCL is

chieved at a current of 886 mA  (voltage – 11.3 V) which corre-
ponds to the alignment of the injector level and upper laser level.

 weak emission power (about 5 % of the peak value) is observed
bove 14.5 V.

A pronounced NDR region appears at voltages higher than
1.3 V. In this region, the I–V characteristics has a large num-
er of discontinuities. We  suppose that such electric instabilities
ssociated with the field inhomogeneity across the active region.
ur calculations show that on the increasing branch of the I–V
haracteristics, the electric field is almost uniform over the entire
tructure. On the decline branch of the I–V characteristics, the
ynamic EFDs arise in the structure. For the described structure
he formation of sections across the active region with distinctly
ifferent electric field under the bias higher than 9 V (see Fig. 4).
he field strength in the domain grows until it reaches the next
ositive portion of the I–V characteristics. In this case, the gain is
ealized only in a part of the structure outside the region of a strong
eld, and the radiation power decreases. Due to the instability of the
omains, jumps on the I–V and L-I characteristics of the laser occur
see Fig. 3). Furthermore, the discontinuities of the L-I characteris-
ics are correlated to the discontinuities in the I–V characteristics.
imilar voltage profile and L-I characteristics in QCLs was  observed
xperimentally in Refs. [5] and [6].

Fig. 5 shows the emission spectra of THz QCL with a 2.6 mm
avity length operating at different current (before the NDR region
nd in the NDR region). In measured at 54 K spectra there are sev-
ral equidistant spectral lines corresponding to the longitudinal
abry-Perot modes with �f  =16 GHz. In a current biasing range
rom 1.376 A to 1.451 A (see Fig. 5A) the lasing spectra consist of
wo strong spectral modes at 2.251 and 2.267 THz. With increasing
urrent, additional modes appear at frequencies 2.283, 2.990 and
.315 THz with a gradual transfer of energy from low-frequency to
igh-frequency modes. This effect is associated with a shift of the
max to high frequencies, as well as a shift in the minimum loss to

he high-frequency region [16].

In the NDR region (see Fig. 5B) we measure the emission spec-

ra of THz QCL in current biasing range from 1.475 to 1.541 A. The
asing spectra consist of two strong spectral modes of 2.990 and
.315 THz, which we observe in current range before NDR region.

ig. 3. L–I–V characteristic of fabricated THz QCL measured at 4.2 K in pulse mode
ith pulse width of 10 �s and repetition rate of 1 kHz for voltage biasing.
Hence, the formation of EFDs does not influence on Fabry-Perot
multi-mode structure of THz QCL. At currents above 1.523 A the
intensity of spectral lines start to decrease sharply which can be
associated with two reasons: 1) misalignment of the electron lev-
els (in particular between lower laser level and extractor level) at
high bias; 2) formation of EFDs with distinctly different electric
field.

5. Conclusions

We investigate the light-current-voltage characteristics and
emission spectra of a 2.3 THz quantum cascade laser with RP
design operating in the NDR region. The I–V and L–V character-
istics have a large number of discontinuities above 11.3 V bias
voltage due to the formation of multiple sections across the
active region with distinctly different electric field (electric field
domains - EFDs) in this NDR region. The performed calculations
show that on the decline branch of the I–V characteristics, the
dynamic EFDs arise in the structure. It was  experimentally shown
that the formation of EFDs does not influence on Fabry-Perot
multi-mode structure, but it affects of the output power of THz
QCL.
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