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Abstract

Objectives. Terahertz quantum-cascade lasers (THz QCLs) are compact solid-state lasers pumped by electrical
injection to generate radiation in the range from 1.2 to 5.4 THz. The THz QCL operating frequency band contains
absorption lines for a number of substances that are suitable for biomedical and environmental applications. In order
to reduce the size and cost of THz QCLs and simplify the use of THz sources in these applications, it is necessary to
increase the operating temperature of lasers.

Methods. To calculate electron transport in THz QCLs, we used a system of balance equations based on wave
functions with reduced dipole moments of tunnel-bound states.

Results. As a result of the calculations, an original band design with a period based on three GaAs/Al; 15Ga, g,AS quantum
wells (QWSs) and a gain maximum at about 3.3 THz was proposed. Based on the developed design, a THz QCL was
fabricated, including the growth of a laser structure by molecular beam epitaxy, postgrowth processing to form strip lasers
with a double metal waveguide, as well as an assembly of lasers mounted on a heat sink. The developed THz QCLs was
capable of lasing at temperatures of up to 125 K as predicted by the performed calculations. We also studied band designs
based on two GaAs/Al,Ga,_,As QWSs having varying aluminum contents in the barrier layers (x=0.20, 0.25, and 0.30).
Conclusions. The calculated temperature dependences of the peak gain for two-QW designs with x > 0.2 confirm
the possibility of creating THz QCLs operating at temperatures above 200 K. Thus, we have proposed two-QW band
designs that outperform existing high-temperature designs in terms of maximum operating temperature.
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Pe3iome

Lenu. KBaHTOBO-KackagHble nasepbl TeparepuoBoro amanasdona (Thy, KKJT) asnsioTca KOMNakTHbIMWU TBEPAO-
TesbHbIMY NPUOOPAMU C NHXEKLIMOHHOW HAKayKoWr, KOTOPblE MO3BONSAIOT reHEPUPOBATh U3NTyYEHNE B AMANa30He
ot 1.2 0o 5.4 Tr'u. B nonoce pa6oumnx yactoTt TIy KKJT HaxoaaTcs NMHUK NOrNoweHns aNns psaa BewecTs, akTyasb-
HbIX A1 MeOUKO-OMONOrNMYECKNX N SKOSTOMMYECKMX MPUNOoXeHU. Ona wmpokoro npumeHenms Ty, KKJT B gaHHbIX
NPUIOXEHUAX HEOOX0AMMO yBENMYMBATL Paboyylo TeMnepaTypy 1a3epoB, YTO NO3BONT YMEHbLLUUTbL PasMepbl U
ctoumocTb TIy KKJ1, a Takke ynpoCcTuT ncnosb3oBaHme gaHHbIX TI U -UCTOYHUKOB.

MeTopbl. B pabote gnsa pacuyerta anekTpoHHoro tpaHcrnopta B TIy KKJ1 ncnonb3oBanack cuctema GanaHc-
HbIX YPABHEHWUI HA OCHOBE 6a3nca BOJIHOBbIX QYHKLUMIA C YMEHbLUEHHBbIMW OUMObHBIMA MOMEHTAMU TYHHENbHO-
CBSA3aHHbIX COCTOSAHUNA.

Pe3ynbTtaTbl. B pe3ynbTate pac4eTtoB NpeasioXeH OPUrnHasbHbI 30HHbLIA AU3aiH C NepuoLOM Ha OCHOBE Tpex
GaAs/Al, 15Ga, g,AS KBaHTOBBIX fIM (KA) 1 MakcMymom ycunerust okoso 3.3 Tr'u. Ha ocHose pa3paboTaHHOro au-
3ariHa Obln akcnepumMeHTanbHO uarotosneHd Ty, KKJ1, 4yTo BKkAOYano pocT Nna3epHoi CTPYKTYPbl METOOOM Moe-
KYJISIPHO-JIy4€BOW 3MNUTAKCUN, MOCTPOCTOBOM MPOLLECCUHT A19 GOPMMPOBAHUS MOJIOCKOBbLIX 1a3ePOB C ABOMHbLIM
MeTaIM4eCKM BOSIHOBOAOM U COOPKY Na3epoB Ha TennooTeoae. MarotoeneHHbie TIy, KKJT npoaeMoHcTpuposanm
reHepauuio BNaoTb A0 TemnepaTypbl 125 K, 4To cornacyetcs ¢ NpoBeAeHHbIMI pacyeTaMun. Takxe B paboTe npose-
[leHO 1ccreloBaHne 30HHbIX AM3aiHoB Ha ocHoBe AByx GaAs/Al,Ga,_ As KS ¢ pasnimyHbIM COAepXaHeM aiioMm-
HUs B 6apbepHbIx cnogax (x = 0.20, 0.25 1 0.30).

BbiBOAbI. PaccunTtaHHble TeMNepaTypHble 3aBUCMMOCTU MMKOBOMO yeuneHnns onga apyx-Kd anzanHos ¢ x > 0.2 noa-
TBEPXOADT BOSMOXHOCTb co3aanus Ty KKJ1, paboTtawowmx npu temnepatypax cebille 200 K. Takum ob6pasom,
B paboTe npeasioxeHbl AByX-KHA 30HHbIE AN3aliHbl, KOTOPbIE MPEBOCXOAAT MO MakCUManbHOW paboyer Temnepary-
pe CyLWEeCTBYIOLLME PEKOPAHbIE BbICOKOTEMNEPATYPHbIEe An3anHbl TIy KKJT.

KniouyeBble cnoBa: KBaHTOBO-KackagHblli Nasep, TeparepuoBblii AuManas3oH, KBaHTOBAsd fMa, MOJIEKYNSpHO-
Nly4eBas anuTakcus

e Moctynuna: 17.11.2021 » Aopa6oTaHa: 28.02.2022 ¢ MpuHaTa k ony6nukoeaHuio: 15.04.2022

Ana uytunpoBaHua: YwakoB [.B., ApoHeHko A.A., MnHckmin U.A., XabubynnnH P.A. BbicokoTemnepaTypHble KBaHTOBO-
KackafHble nasepbl TeparepuoBoro ananasoHa: onTMuMnusauns AM3anHoB N 3KCNepuMEHTaNbHble pesysnbTaThl. RUSS.
Technol. J. 2022;10(3):45-55. https://doi.org/10.32362/2500-316X-2022-10-3-45-55

MpospayHOoCTb GUHAHCOBOI AEeATEesIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B MPEACTaB/IeH-
HbIX MaTepuanax niaM MeToaax.

ABTOpPbI 3a51BASAOT 06 OTCYTCTBMM KOHGMIMKTA MHTEPECOB.
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INTRODUCTION

Both in terms of fundamental science and as
comprising a potential solution to a large number of applied
problems, the terahertz frequency range (1-10 THz)
remains one of the most intriguing regions of the
electromagnetic spectrum. For a long time, the lack
of compact solid-state sources of THz radiation with
an average power level measured in mW remained
a limiting factor for realizing the advantages of THz
waves in spectroscopy, visualization, and remote sensing
applications. The possibility of “transferring” the
operational scheme of quantum-cascade lasers (QCLs)
in the mid-infrared (mid-IR) range to the THz region
demonstrated the possibility of tuning the generation
frequency from 1.2 to 5.4 THz to create a unique
source of THz radiation by changing the thickness of
the semiconductor layers without using large magnetic
fields. However, in comparison with mid-IR QCLs,
where operating temperatures of more than 300 K
have been demonstrated, the operation of THz QCLs
required long periods of cryogenic cooling. Thus,
the task of raising THz QCL operating temperatures
using thermoelectric cooling based on the Peltier effect
becomes highly relevant in order to for THz QCLs
to find practical application in medicine, biology,
agriculture, ecology, the fight against terrorism, and
wireless communication [1-8].

The cryogenic cooling used with the first THz QCLs,
which required the laser chip to be mounted on the cold
finger of a flooded cryostat or a closed cycle cryocooler,
significantly affected the size and energy efficiency of
such THz sources, complicating the use of this type
of laser outside laboratories. The optimization of THz
QCL band designs and use of low-loss waveguides led
to an increase in the operating temperature of these
lasers, allowing the use of compact electric cryocoolers
operating according to the Stirling cycle, which do not
require cryogenic liquids and have a service life of more
than 30 000 hours. However, the main disadvantage of
this approach is the high cost of Stirling cryocoolers
(tens of thousands of US dollars), which also limited the
widespread use of THz QCLs.

Studies into electron transport [9] and the creation of
more efficient band designs of the THz QCL active region
[10] led to the revolutionary demonstration in 2019 of
the first thermoelectrically cooled lasers operating at
a maximum temperature of 210.5 K (—63°C). By the
end of 2020, data had been published demonstrating a
THz QCL having a maximum operating temperature
of 250 K (about —23°C) [11], which permitted the use
for cooling of a single-stage Peltier element costing less
than USD 100. Meanwhile, research featuring similar
band designs whose active region period was based on
two quantum wells (QWs), differing in the height of

potential barriers Al Ga, As = 0.25 ([10], 2019) and
x=0.30(]11],2020), was published. Here, the band design
and approach to increasing the height of potential barriers
are primarily aimed at suppressing parasitic channels of
electron leakage into the continuum, since the presence
of such parasitic conduction channels in the active region
adversely affects the operation of THz QCLs at high
temperatures [12]. The increase in the height of potential
barriers results in the need to reduce their thickness in
order to maintain tunneling transparency, which in
turn leads to even higher requirements for the epitaxial
growth of such heterostructures having extremely thin
barrier layers with a thickness of a few monolayers [13].

Despite work on the creation of THz QCLs in
Russia having begun with a 10-15-year delay relative
to the work of foreign groups, THz QCLs exclusively
fabricated in Russia include the use of molecular
beam epitaxy (MBE) to grow heterostructures and
post-growth processing of stripe lasers with a double
metal waveguide [14, 15]. In this paper, we present the
experimental results of a study into THz QCLs based on
an original active region design whose period contains
three GaAs/Alj :Ga;, ¢,As QWs. The results of the band
design optimization of THz QCLs having a period based
on two GaAs/Al Ga,  As QWs with x = 0.20, 0.25, and
0.30 for operation at high temperatures (greater than
200 K) are also presented.

EXPERIMENTAL STUDY OF THE THz QCL
WITH A PERIOD BASED ON THREE
GaAs/Al, ,5Ga, g,As QWs

The highest THz QCL operating temperatures to
date have been demonstrated by a resonant phonon (RP)
design featuring successive resonant tunneling of
electrons to the upper laser level and emission of a THz
photon, along with the depopulation of the lower laser
level due to electron scattering on longitudinal optical
phonons (longitudinal-optical phonons, LO-phonons).
By means of diagonal radiative transitions, it was
possible to significantly reduce the rate of nonradiative
recombination of “hot” electrons from upper to lower
laser levels due to the temperature activation of the
emission of LO-phonons. Based on the foregoing, in
order to optimize the active region of a high-temperature
THz QCL, we selected a resonant-phonon design having
a period of three GaAs/Alj :Ga;q,As QWs and a
generation frequency of about 3.3 THz.

In order to achieve the maximum operating
temperature, numerical optimization of the design of
the THz QCL active region was carried out according
to the previously developed method based on a
system of balance equations [16, 17]. In the course
of optimization, the thicknesses of all layers of the
period were scanned over a wide range (thicknesses
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of the QWs and barriers) with a step equal to half the
constant of the GaAs crystal lattice. When selecting
optimal designs, there was a condition for ensuring
maximum gain on the positive branch of the current-
voltage characteristic in order to avoid electrical
instabilities that prevent the formation of electric field
domains. The maximum operating temperature of the
design corresponded to the intersection point of the
temperature dependences of the gain and losses in the
resonator, which were calculated earlier fora THz QCL
with a double metal waveguide [16].

In the course of the optimization, an original
GaAs/Al, 4Ga)¢,As band design was developed
based on a period comprising a sequence of layer
thicknesses starting from the injector barrier:
4.23/16.09/3.95/8.75/2.54/8.18 (in units of nm, GaAs
QWs are in bold). Doping of the active module with a
Si donor impurity was 3.0 - 10'% cm™2. In the model,
the height of Alj .Ga,¢,As potential barriers in the
conduction band was assumed to be AE_ = 164 meV.

An illustration of electronic transport in the
developed band design is shown in Fig. 1; here, the
current flow through the electron levels in two periods
is indicated by arrows. The number of arrows between
levels is proportional to the current density (the current
density through the period corresponds to five arrows).
During optimization, spurious conduction channels
having current densities of less than one arrow were
minimized (not shown in Fig. 1). The diagonal laser
transition £, with a matrix element of dipole transitions
Z,; = 3.8 nm corresponds to a generation frequency
of 3.3-3.4 THz. In the insert, Fig. 1 shows the gain
spectrum of the developed design (red line) and the loss
spectrum in the resonator (blue dot-dash line).

A laser structure based on the developed
GaAs/Alj 13Ga, ¢,As band design was grown by MBE

150 ~
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~-100 i 1 i 1
90 120 150
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Fig. 1. Energy profile of the bottom of the conduction
band E; energy levels (numbered) and basis wave
functions after the localization procedure (tight coupling
model) for two successive active modules at voltage
V, =51 mV and temperature 77 K

on a Riber Compact 21T setup at the National
Research Nuclear University “MEPhI” (group of Prof.
I.S. Vasilevsky). When developing optimal growth
parameters, special attention was paid to the selection of
technological growth conditions (substrate temperature,
As, arsenic flow), accurate calibration of the growth rates
of GaAs and AlAs compounds, as well as their stability
during the growth of thick structures. Excluding the time
taken for the growth of gauge superlattices, which were
grown before and after the growth of the laser structure,
the growth time of one laser structure was more than
10 h. The deviation of the thickness of the period of the
structure grown from the nominal thickness (specified in
the design) did not exceed 1%.

Based on the grown laser structure, THz QCLs with
a double metal waveguide (DMW) were fabricated. The
fabrication procedure for stripe lasers with Au—-Au DMW is
described in detail in [18, 19]. The cleaved THz QCLs with a
Fabry—Perot resonator were assembled at the M.F. Stelmakh
Polyus Research Institute (group of S.M. Sapozhnikov) on
C-mount radiators; electrical contact was made by welding
to the upper metal of the laser strip a large number of gold
wires with a diameter of 30 pm, distributed evenly along
the entire length of the strip to improve electrical injection
over the entire surface of the laser [20].

The radiation characteristics of the fabricated
lasers were measured at the Institute of Physics of
Microstructures of the Russian Academy of Sciences
(group of Prof. V.I. Gavrilenko). The current-voltage
characteristics (/—V) and the dependences of the integral
radiation intensity on the pump current and temperature
of the fabricated THz lasers were studied in a pulsed
mode (pulse duration 500 ns, repetition frequency
100 Hz). The structures were powered by a specially
made electronic key, which made it possible to obtain
pulses of a given duration, duty cycle, and amplitude,
as well as to measure the voltage and current passing
through the laser. When measuring the voltage-current
characteristics and the integral dependences of radiation
on current/temperature, the signal from the detector was
fed to a Stanford Research Systems SR250 two-channel
strobe integrator (Sunnyvale, California, USA).

In order to determine the maximum operating
temperature, we measured the dependences of the
integrated radiation intensity on the pump -current.
Figure 2 shows that an increase in temperature from 8 to
60 K has little effect on the output power or threshold
current values. When approaching 100 K, the intensity
of'the optical signal begins to decrease sharply. The rapid
increase in the threshold current at temperatures above
100 K is most likely due to the activation of parasitic
conduction channels. The maximum temperature at
which lasing was observed was about 125-130 K.
A metal tube having its own loss level in the THz range
was used as a waveguide system for extracting THz QCL
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radiation from the cryostat. It can be assumed that the
actual maximum operating temperature of the THz QCL
is higher by 5-10 K; that is, about 140 K.

7
——8K
] 6
——60K 1
245 gok 5
90K 1
20 100K -
> 16 110K da 5
) 120K (*50) <
12_—125K(10 43 <
8t ! 42
at i\ 11
0 a P ; LY 0
0 1 2 3 4 5 6

I, A
Fig. 2. -V (black line) and current dependences
of the integrated radiation intensity for QCL #52111
in the temperature range from 8 to 125 K. The amplitude
of the integrated signal for temperatures of 120 and 125 K
is multiplied by 50 and 100, respectively

OPTIMIZATION OF THz QCL BAND DESIGN
BASED ON TWO GaAs/Al Ga,_ As QUANTUM
WELLS WITH x = 0.20, 0.25, AND 0.30

To further 1improve the high-temperature
characteristics of THz QCLs, it is necessary to develop
new concepts for the band design of active regions for
reducing losses in the resonator. Approaches for reducing
losses in THz QCLs proposed earlier include those based
on the use of a double silver metal waveguide [21, 22].
In order to increase the maximum operating temperature
of THz QCLs, we proposed to study band designs based
on two GaAs/Al Ga,  As QWs with different potential
barrier heights: x = 0.20, 0.25, and 0.30.

A system of balance equations with a basis of wave
functions in the tight-coupling approximation was used
to calculate the THz QCL characteristics. This basis
was obtained as a superposition of the eigenstates of
the Schrodinger equation for the entire THz QCL active
region by minimizing the spatial expansion of the wave
functions of the tunnel-coupled states. Due to the small
wave function overlap (and accordingly low scattering
rate) of degenerate ground states with AE < 3 meV, the
localized basis of wave functions in the tight-coupling
approximation is more resistant to the influence of
the dephasing effect. After analyzing band designs of
THz QCLs based on two GaAs/Al Ga,  As QWs, we
optimized the height of potential barriers by varying the
aluminum contents (see Table).

The depiction of the proposed designs in Fig. 3 shows
the current through the energy levels (red arrows).
Several conduction channels can be seen between the
electronic levels, including the 3-2 transition between

the upper and lower laser levels, as well as parasitic
transitions between levels 3 and 1. The temperature
dependences of the maximum gain at a frequency of
3.9 THz shown in Fig. 4 demonstrate the possibility of
operation at temperatures above 200 K for designs with
x > 0.2. As a comparison, the calculated dependence
of the gain on temperature (blue line) is shown for the
band design based on three GaAs/A | ,5Ga; ;5As QWs
proposed in [10], along with the experimental maximum
operating temperature 7" = 210.5 K.

Table. Parameters of optimized band designs
of an active module THZ QCL based on two quantum
wells GaAs/Al,Ga;_As

Barrier . .
heigh Sequences of barriers in a period:
Design X AEg Potential barrier / quantum well,
g nm
meV
Bosco [10] | 0.25| 212.5 1.98/16.37/3.39/7.91
A 0.20| 178.5 2.3/16.4/4.2/7.3
B 0.25| 2125 2.0/17.2/3.4/7.9
C 0.30| 244.5 1.7/17.0/3.1/7.9

A

~ N
\_l N
L 1 1 1 b O
40 60 80 100

zZ,nm
Fig. 3. Band diagram for design C

I 1

g |

3.9 THz, X, =0.25"
™\ 3.9 THz, x,, = 0.30

150 |

3.9 THz, x, = 0.20

T,K
Fig. 4. Temperature dependences
of the maximum gain G for the GaAs/Al,Ga,_,As structure
with different Al content in the barriers
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Designs with gain exceeding losses at high
temperatures (210-240 K) were optimized by
scanning the thickness of the active module in the
range from 24 to 36 nm. In this case, the thickness
of the Al Ga, | As barrier layers was varied in the
range of 1.4—4.0 nm, while that of the GaAs quantum
wells was in the range of 6.3-20.0 nm; here, a step
was equal to half the lattice constant of GaAs. The
parameters of optimized designs of active modules for
different compositions of barrier layers (x contents)
are presented in Table. In the sequence of period
layers, GaAs quantum wells are shown in bold type.
The central part of the wide GaAs QW is doped with
silicon having a layer concentration of 4.5 - 10! cm ™2,
as in [3].

The main factors affecting the gain in QCLs are the
effective electron mass m_, population inversion n, of
laser levels, and matrix elements of dipole transitions
Zs, [23-25]. Thus, the gain of the QCL active module
can be represented as the product of these parameters
G ~ m073/ 2 N3y Z322. This means that effective

T T T
3.9 THz, x, = 0.30
—g-a g

-8
Ba g
-a
~eg
=

8-

S8ag
- -B-
3.9 THz, x, = 0.25 1
Boscoetal., 2019 ¢
3.9THz, x, =0.20 S-g ° (%.QTHZ,Xb:O.ZS
=0

©

o o

P—©
OOOOO

0.090 F

amplificationina QCLrequires asmall effective electron
mass combined with a large population inversion and
dipole transition matrix elements. The temperature
dependences of these values for the optimized active
modules compared to the Bosco design [3] are shown
in Fig. 5, while Fig. 5a depicts the effective electron
mass increases in designs with higher potential barriers
(higher aluminum content in Al Ga,  As) due to the
non-parabolic effect. For all designs under study, m,
can be seen to decrease at elevated temperatures. In
optimized designs B and C (Fig. 5b), the population
inversion is larger at temperatures above 200 K. As
can be seen from Fig. 5c, the matrix elements of the
dipole junctions of these designs increase with rising
temperature from 50 to 250 K: from 4.9 to 5.2 nm
(design Bosco 2019), from 4.7 to 5.0 nm (design A),
from 4.4 to 4.7 nm (design B), and from 4.7 to 5.0 nm
(design C). Thus, by combining all three factors for
all optimized designs A (x;, = 0.20), B (x, = 0.25) and
C (x;, = 0.30), we can expect a maximum operating
temperature of 238 K.
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Fig. 5. Temperature dependences of the effective electron mass m, (a), Ang, are population inversions, n, is the
total electron concentration in a period (b), and matrix elements of dipole transitions Z, (c) for the optimized design
A (x, =0.20), B (x,, = 0.25), and C (x,, = 0.30)
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CONCLUSIONS

A THz QCL based on an original band design
having a period based on three GaAs/Al; Ga;gq,As
quantum wells has been experimentally demonstrated at
a maximum operating temperature of more than 125 K.
Band designs based on two GaAs/Al Ga,_ As quantum
wells with varying aluminum contents of x = 0.20, 0.25,
and 0.30 were studied. The calculated temperature
dependences of the peak gain for two-QW designs with
x > 0.2 confirm the possibility of creating a THz QCL
operating at temperatures above 200 K.
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