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ABSTRACT

We report on the implementation of a terahertz two-photon quantum cascade laser operating in a continuous wave mode. Lasers that can
emit two photons as a result of the relaxation of a single electron between two states of the same parity have been discussed since the early
days of the laser era, but implementation has been hampered by the lack of a suitable gain medium. The semiconductor structure of a
quantum cascade laser seems to be an ideal medium for realizing such two-photon emission. Our work demonstrates dual-band laser radia-
tion in the range of 3.1–3.9 THz (104–130 cm−1) at temperatures up to 90 K.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0230491

I. INTRODUCTION

Quantum cascade lasers (QCLs), operating on electron
transitions between the states arising from size quantization in
GaAs/AlGaAs quantum wells, are compact sources of terahertz
(THz) radiation with current pumping. in which, through band
engineering, it is possible to obtain generation frequencies from 1.2
to 6.0 THz.1–3 To date, the maximum output power of ∼2W4 and
operating temperature of Tmax = 261 K5 were achieved in a pulsed
operation mode. However, many applications such as astronomy,
communications, heterodyne spectroscopy, or dual frequency comb
spectroscopy require continuous THz lasers. Continuous operation

of THz QCLs was achieved less than a year after the demonstration
of the first pulsed THz QCL.6,7 Nowadays, the maximum operating
temperature of continuous-wave (CW) THz QCLs is 129 K,8,9 and
the output power is ∼0.3W,10 which significantly lags behind the
characteristics of pulsed THz QCLs. Note that the maximum oper-
ating temperatures were obtained in QCLs with metal–metal wave-
guides, while the record output power was realized using surface
plasmon waveguides with a larger output aperture8,9 at the cost of
reducing the maximum operating temperatures down to 60–65 K.

One of the options for optimizing CW QCLs, which allows
increasing the output power while maintaining high operating
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temperature, could be the use of the so-called two-photon design.
The idea of creating two-photon lasers, in which the relaxation of
electrons between quantum levels with population inversion occurs
due to the emission of two photons, was expressed back in the
1960s (see, for example, Ref. 11). Such lasers have an enormous
potential for applications in frequency metrology, quantum gyro-
scopes, quantum cryptography, quantum computing and genera-
tion of entangled photon pairs, in addition to many conventional
frequency-dependent laser applications.12 However, to date, the
potential of two-photon lasers remains largely unexplored because
their experimental implementation is challenging. Their first and
only implementation in the optical frequency range using barium
atoms dates back to 1992.13 A QCL operating on intersubband
transitions seems to be an ideal medium for realizing two-photon
lasing. The possibilities of engineering the levels of the energy spec-
trum of the active region of a QCL allow creating designs for which
the electron transport through one period of the laser heterostruc-
ture is accompanied by the emission of two photons. The design of
such a “resonant” two-photon QCL (the energies of both photons
are the same) with four quantum wells in a period was proposed in
Refs. 12, 14, and 15. In Ref. 14, based on a simplified system of
balance equations, it was concluded that the nonlinear gain (at a
nonzero photon density in the resonator) for a QCL with a two-
photon design is approximately two times higher than for a QCL
with a single-photon design. This conclusion is confirmed by the
results of numerical calculations of the nonlinear gain for the
single-photon QCL with three QWs in the period (from Ref. 16)
and the two-photon QCL with four QWs in the period,21 which
should ensure higher generation efficiency in the latter case while
maintaining a sufficiently high maximum operating temperature
T∼ 180 K15 (cf. Ref. 16). Earlier, in Refs. 17 and 18 (Although not

stated directly, in Ref. 17, a five-level resonant two-photon QCL
design with four quantum wells in the period was used.), we dem-
onstrated pulsed two-photon THz QCLs with both “resonant” and
“non-resonant” (the energies of the two photons are different)
designs. It is also worth mentioning Ref. 19, in which lasing was
demonstrated on transitions between two pairs of levels in a tera-
hertz QCL with four quantum wells in a period. In the present
paper, a continuous-wave THz QCL with a “non-resonant” two-
photon design is developed and demonstrated.

II. DESIGNING QCL HETEROSTRUCTURES

To design the GaAs/AlxGa1−xAs heterostructures of a two-
photon QCL, a five-level laser scheme with resonant-phonon
depletion of the lower laser level with four quantum wells (QWs)
in a period was chosen (see, for example, Refs. 12, 14, and 15).
Calculations of the electron transport, the amplification spectra,
and the gain were carried out on the basis of a system of balance
equations for localized and continuum states. A specially devel-
oped method was used to modify the intrinsic basis of the
Schrödinger equation by reducing the dipole moments of tunnel-
bound states to take into account the influence of dephasing on
the charge carrier transport.20 In order to find the design of a
heterostructure with a low threshold current and high efficiency,
two-photon designs with four quantum wells in the period of the
active region were optimized by scanning the thicknesses of GaAs
QWs and Al0.15Ga0.85As barrier layers. Figure 1(a) shows the con-
duction band diagrams, the energy levels, and the moduli squares
of wave functions of an optimized design at the operating bias
with a following sequence of layers: 5.64/16.38/7.34/8.47/4.23/
9.03/3.39/9.03 nm (Al0.15Ga0.85As barriers are indicated in bold).

FIG. 1. (a) Conduction band diagram and squared moduli of electron wave functions, calculated by the k⋅p method, for the optimized structure of a THz QCL based on
GaAs/Al0.15Ga0.85As at a temperature T = 70 K and a voltage across the structure period V = 66 mV. Arrows indicate radiative transitions. The dashed rectangle marks the
period of the cascade structure. (b) Dependences of matrix elements for radiative transitions zu-m (z23) and zm-l (z34) on the applied voltage at the structure period V.
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The central part of the wide QW was doped with a donor impu-
rity with a layer concentration of 5.7 × 1010 cm–2. The reduction
in heat release at the operating voltage, which is necessary to
implement the continuous operating mode of the QCL, is
achieved by the means of the record-wide (for known THz QCL
designs) injection barrier of 7.34 nm (and a corresponding
decrease in the tunneling current). In each period of the structure,
the electron transport and the operational optical transitions
occur through the following levels: injector (i), upper (u), middle
(m), lower (l) laser levels, and extractor level (e). For efficient
electron transfer, the injector level i is tunnel coupled to the
upper laser level u. The lower laser level l is tunnel coupled to the
extractor level e, which, for effective depletion, is spaced from

the injector level i0 of the next period by the energy of the longi-
tudinal optical phonon. Figure 1(b) shows the dependences of
matrix elements on the voltage across the structure period for
both radiative transitions.

The dependences of the populations of QCL levels on voltage
and temperature are shown in Fig. 2 for the modes with and
without lasing. The population of the u level is always greater than
the population of the m level, and the population of the m level is
always greater than the population of the l level, i.e., the population
inversion takes place. With increasing voltage (up to 80 mV), the
populations of the laser levels increase, and the population of the
injector level decreases. Calculations show that the lasing is possible
up to a temperature of 140 K [Fig. 2(d)].

FIG. 2. Populations of the QCL working levels vs the voltage at the structure period at T = 70 K (a) and (b) and on the temperature at V = 66 mV (c) and (d) in the linear
(a) and (c) and nonlinear [(b) and (d), in the lasing regime] modes.
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The required gain at a low threshold current within the pro-
posed design is achieved by reducing the spectral broadening of
laser transitions u→m and m→ l. The broadening arises due to
the influence of non-radiative transitions during tunneling, scatter-
ing by phonons, impurities, and heterointerface roughness. For
laser levels u and m, the total calculated broadening is 0.53 meV,
which is achieved through the use of thick barriers and selective
doping. At the same time, the probability of a transition between
levels i and u, through the widest injection barrier of 7.34 nm at an
operating bias of 66 mV per period is 5.8 × 1010 s–1, and is mainly
caused by the scattering processes on impurities and heterointer-
face roughness. Calculations were performed for the root-mean-
square fluctuation of the thickness of layers of 0.38 nm and the
correlation length between irregularities in the plane of a layer of
9 nm (cf. Ref. 21). A wide (4.23 nm) barrier between the laser levels
u and m ensures a low probability of non-radiative u→m transi-
tion (∼9.5 × 1010 s–1), which is necessary to maintain the popula-
tion inversion keeping a moderate probability of depletion of the
middle laser level (∼1.9 × 1011 s–1). The lower laser level l is depop-
ulated by resonant tunneling (∼1.6 × 1012 s–1) to the extractor e,
which is connected to the injector of the next period via the emis-
sion of optical phonons (∼4.0 × 1012 s–1). In this case, the popula-
tions of the levels i, u, m, and l are 68, 20, 9.8, and 1.9 percent of
the total electron concentration, respectively. Diagonal matrix ele-
ments of laser transitions Zu−m = 2 nm and Zm−l = 3 nm (at
V = 66 mV) are sufficient to overcome the total losses of ∼13 cm−1.
Figure 3(a) shows the gain spectra calculated in a one-dimensional
approximation in linear and nonlinear (under lasing conditions)
regimes at different bias values, as well as the loss spectrum of a
metal–metal waveguide. With increasing the bias, the amplification

first occurs at the upper u→m transition, and the second m→ l
transition joins at a further bias increase and the gain spectrum
becomes “double-humped” covering the spectral range of
3.4–4.3 THz. Figure 3(b) shows the calculated values of the linear
gain at the maximum (over the spectrum) at various values of bias
per structure period and waveguide losses as a function of the tem-
perature. It can be seen that the maximum operating temperatures
(when the gain equals to the losses) lie in the range of 120–140 K.
For the CW mode, the lattice temperature can be 15–45 K higher
than the temperature of the heat sink.22

III. MBE GROWTH AND QCL PROCESSING

The QCL heterostructure was grown by molecular beam
epitaxy (MBE), which is currently the base technology for manu-
facturing infrared (IR) and THz QCLs in various material
systems.23,24 Epitaxial growth of QCL heterostructures with a large
number of layers requires precision control of individual layers
with characteristic thicknesses of several nanometers, their compo-
sition, the repetition period of individual fragments of the active
region, the level of doping of the active region, and ensuring a low
level of background doping.25,26 As applied to THz QCL structures,
the task is complicated by their large total thickness (∼10 μm),
which places increased demands on the stability of the parameters
of the epitaxial process for 10–15 h.

In this work, a single-substrate Riber C21 research-grade
MBE setup was used to grow THz QCL heterostructures in the
AlGaAs/GaAs system. The growth of laser heterostructures was
preceded by careful calibration using high-resolution x-ray diffrac-
tometry for a set of grown AlGaAs/GaAs superlattices with

FIG. 3. (a) Spectra of linear (solid lines) and nonlinear (in the lasing regime, dashed lines) gain and loss for various voltages at the structure period V at T = 70 K.
(b) Temperature dependences of the maximum gain (solid curves) for various voltages at the structure period V and total losses (dashed curves).
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parameters close to individual fragments of the QCL active region.
This is fundamentally necessary due to the transient effects inherent
in the MBE method when the shutters of molecular sources are acti-
vated.27 To analyze the quality of the grown epitaxial structures, the
surface density of defects was measured. The characteristic density of
surface defects with an area greater than 1 μm2 for the fabricated
QCL heterostructures, measured using laser radiation scattering anal-
ysis, was 500–600 defects/cm2. Despite the rather high probability,
for a given surface density of defects, of one or more defects falling
within the stripe structure of manufactured lasers, this does not lead
to significant shunt conductivity. To precisely calibrate the doping of
GaAs layers with a silicon donor impurity, a capacitance–voltage
profiling technique was used, which ensures an absolute accuracy of
control of the doping level of ∼2.5%.28

The THz QCL heterostructure was grown on a semi-insulating
GaAs substrate with a crystallographic orientation (001) with a
diameter of 76 mm. The characteristic growth rates of the layers
were 1.25–2 Å/s, the substrate temperature was about 580 °C.
During the growth, the temperature of the Ga molecular source
was gradually adjusted (a linear increase of 0.3 °C during the
growth of the active region) to compensate for its depletion. It is
known that such an adjustment during a long epitaxial process is
fundamentally important for a Ga source, while the value of the
atomic flux from an Al source during the growth of QCL structures
usually remains quite stable.

The growth of the THz QCL heterostructure was preceded by
the fabrication of a test superlattice containing 35 pairs of
Al0.15Ga0.85As/GaAs layers. A similar test superlattice was grown
after the fabrication of the THz QCL heterostructure. Figure 4
shows high-resolution x-ray diffraction patterns measured for two
fabricated test superlattices. According to the results of their analy-
sis, the thicknesses of the AlGaAs and GaAs layers for the first
superlattice are 62.6 and 69 Å, respectively, and for the second—62
and 69.4 Å. The good agreement between the measured parameters

of the superlattices confirms the high stability of the epitaxial
process during the growth of the THz QCL heterostructure. Then,
a chip with ridge mesa stripes with double metal (gold) waveguide
(DMW) was fabricated. The procedure for producing QCL ridges
with DMW is described in detail in Refs. 29 and 30. Distinctive
manufacturing features were narrow (20 and 30 μm wide) laser
ridges that make it possible to reduce the QCL operation currents,
compared to standard 100 μm wide ridges. In addition, to reduce
the absorption of THz radiation by free carriers, precision liquid
etching of the upper n+-GaAs contact layer to a thickness of
about 70 nm was carried out. After all operations for the process-
ing of DMW, the back side of the chip substrate was subjected to
chemical–mechanical polishing to decrease the thickness of the
substrate down to 120 μm. Next, Ti/Pd/Au metallization was sput-
tered onto the back side of the substrate for assembly on a copper
heat sink.

The fabricated chip with DMW ridges was cleaved into pieces
containing 2.9mm long and 20 and 30 μm wide QCL ridges. These
“microchips” were then soldered onto copper heat sinks (C-mount)
using indium solder. Gold wires with a diameter of 18 μm were
welded to the ridges using the “ball-wedge” thermosonic microweld-
ing method—Fig. 5. There were at least six wires per ridge, located at
approximately equal intervals along the length of the ridges, for
uniform injection of current into the active region of the QCL.

IV. EXPERIMENTAL

The studies of the current–voltage (V–I) characteristics and
the dependences of the integral radiation intensity on the pump
current (L–I characteristics) of the fabricated THz QCLs with a
double metal waveguide were carried out at different temperatures
in both pulsed and continuous modes. The lasers were mounted on
a cold finger in a closed-cycle optical cryostat. All the results pre-
sented below in the figures were obtained for the QCL sample
82117L (ridge width of 30 μm) placed in a CFA-201 cryostat

FIG. 4. High-resolution x-ray diffraction patterns measured for two nominally
identical test superlattices fabricated immediately before (2074, red symbols)
and after (2076, blue symbols) growth of the THz QCL heterostructure and the
calculated HR XRD pattern (black curve).

FIG. 5. Scanning electron microscope image of two laser ridges 20 and 30 μm
wide, welded with a gold wire with a diameter of 18 μm.
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(Cryogenic Instruments LLC, Moscow) with a minimum operating
temperature of 8 K and a cooling capacity of 7.5W at 20 K.
Windows made of polymethylpentene (TPX) were used to output
radiation. To power the QCL in a pulsed mode, specially made
electronic switches were used, which made it possible to generate
pulses of specified duration, duty cycle and amplitude, as well as to
measure the voltage and current passing through the laser. When
operating in a continuous mode, the QCL was powered by a
Keithley 2400 source-meter, which made it possible to simultane-
ously measure the output voltage and current and provide their
continuous sweep. When recording L–I characteristics, the QCL
radiation was collimated by a TPX lens placed directly at the
cleaved edge of the laser ridge, modulated by a chopper with a fre-
quency of 12 Hz, and recorded by a THZ5I-BL-BNC pyroelectric
detector (Gentec Electro-Optics, Inc.). The signal from the detector
was digitized by a Tektronix TDS3034B oscilloscope and recorded
in the computer memory as a function of the laser current. The
emission spectra were recorded using a BRUKER Vertex 80v evacu-
ated Fourier-transform spectrometer, operating in the fast scanning
mode when recording emission spectra of CW QCL and in the
step-scan mode when recording QCL spectra in a pulse mode. The
spectral resolution was 0.1 cm−1. The standard pyroelectric detector
of the spectrometer (when the QCL is operating in a CW mode)
and a Ge:Ga photodetector placed in a light guide insert in a
storage liquid helium Dewar vessel (for both modes) were used as
radiation detectors. During spectral studies, QCL radiation was
focused onto the entrance window of the Fourier-transform spec-
trometer using two off-axis parabolic mirrors.

V. RESULTS AND DISCUSSION

Figure 6 shows the measured current–voltage and L–I charac-
teristics of QCL 82117L (ridge width of 30 μm), operating in a

continuous mode, at various temperatures. The maximum operat-
ing temperatures of this laser were ∼90 and ∼95 K in the CW and
in the pulsed (pulse duration less than 1 μs) mode, respectively.
The laser with the ridge width of 20 μm demonstrates nearly the
same temperature behavior. Such a slight difference in operating
temperatures contrasts with the literature data, which report the
difference in maximum temperatures in continuous and pulsed
modes is tens of Kelvin (see, for example, Refs. 7–9). This indicates
that in the studied structure, the overheating of the active region of
the laser in continuous mode is small and the maximum operating
temperatures in both cases are determined by the condition of
equality of gain and losses. These values are somewhat smaller than
the calculated values [see Fig. 3(b)], which was to be expected,
taking into account the limitations of the one-dimensional model
(which does not take into account the losses at the boundaries of
the waveguide of finite width).

As can be seen in Fig. 6, the current–voltage characteristics
exhibit characteristic features (kinks) corresponding to the QCL
threshold currents, which shift to higher currents with increasing
temperature. The kink in the current–voltage characteristic, corre-
sponding to a decrease in the differential resistance of the device, is
observed only in fairly “good” QCLs and is associated with the inclu-
sion of the “photonic” mechanism of electron transport (cf. Ref. 31).
Based on the expression of slope efficiency from Ref. 10, one can
estimate the output optical power (from both facets),

Popt ¼ 2N
ΔI
e

αm

αm þ αw
�hω: (1)

Here the factor 2 stands for two photons emitted at each period of
the QCL heterostructure, N = 157 is the number of periods,
ΔI = 24mA is the value of the “additional” current (see Fig. 6), e is
the elementary charge, αm = (1/2L)ln(1/r2) is the mirror loss
(L = 0.288 cm is the waveguide length, r is the facet reflectivity),
αw = 13 cm−1 is the waveguide loss [see Fig. 3(b)] and
ħω≈ 13.5meV is the “average” energy of emitted photons (deter-
mined from the emission spectra). For the metal–metal waveguide,
the facet reflectivity is rather high and can be estimated as r≈ 0.85
for a waveguide cross section of 30 × 10 μm2 (see Fig. 13 in Ref. 32).
Substituting the above values into (1), one obtains Popt≈ 4.3mW.
The actually recorded output optical power turns out to be signifi-
cantly lower due to the complex structure of the radiation wavefront,
which prevents its collimation.33

L–I characteristics, presented in Fig. 6, demonstrate numer-
ous features that generally shift toward higher currents with
increasing temperature. The maximum radiation intensity corre-
sponds to a certain applied voltage, which determines the relative
position of the QCL working levels. As can be seen in Fig. 6, with
increasing temperature, this voltage value is achieved at a higher
current value, which also leads to a corresponding shift in the
position of the maximum radiation intensity. Therefore, the radia-
tion intensity at the maximum at a higher temperature may
exceed the radiation intensity below the maximum at a lower tem-
perature, as shown in Fig. 6. Sharp changes in the radiation inten-
sity (both increase and decrease) during current sweep are
obviously associated with changes in the mode composition of the
QCL emission spectra. In this regard, it is worth comparing the

FIG. 6. V–I and L–I characteristics of QCL 82117L in the CW mode at different
temperatures.
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spectra measured at different points of the L–I curve—Fig. 7. At a
current of 95 mA, lasing occurs in the low-frequency region of
103–105 cm−1 and as the current increases to 110 mA, progres-
sively more higher-frequency modes are “ignited” up to 113 cm−1,
that is natural for the QCL design with “diagonal” transitions,
when the energy separation between upper and lower laser levels
increases with the bias. Finally, at currents of 120–135 mA, an
additional high-frequency lasing band appears in the region of
123–130 cm−1. At the same time, no lasing is observed in between
114 and 123 cm−1. Thus, the emission spectrum is dual-band that
corresponds to the design of a “non-resonant” two-photon laser
[see Fig. 3(a)]. However, the low-frequency band, which, judging

by the design, corresponds to the m–l transition [see Fig. 1(a)],
“ignites” first with the bias increase, while according to the calcu-
lation, lasing should initially occur at the u−m transition
[Fig. 3(a)]. Most likely, the population inversion between the
upper (u) and the middle (m) levels is less than the calculated
one. Unlike the lower laser level (l), which is depleted due to the
resonant scattering of optical phonons, there is no such effective
mechanism of depopulation for the middle level. The model used
for calculations20 does not take into account, in particular, the
effective electron temperature, which is obviously higher than the
lattice temperature. The observed emission frequencies also

FIG. 7. CW emission spectra of QCL 82117L at various currents: T = 12 K. FIG. 8. Emission spectra of QCL 82117L in the CW mode at various tempera-
tures and a current of 120 mA.

FIG. 9. (a) Emission spectra of QCL 82117L in the pulsed mode (τ = 100 μs, frep = 1 kHz) at T = 13–70 K and a current of 120 mA. The signal was sampled at the
beginning of the pulse. (b) Emission spectra in the high-frequency lasing band at T = 13–70 K and a current of 120 mA when sampling the signal at the beginning
(solid lines) and at the end (dashed lines) of the pulse.
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turned out to be lower than the calculated ones, which indicate
the limited applicability of the model used.

Figure 8 shows the emission spectra of the QCL 82117L at a
fixed current of 120 mA and various temperatures of 12–50 K. It
can be seen that the increase in temperature to 30 K has little effect
on the emission spectrum, but already at 50 K, the high-frequency
lasing band disappears and the low-frequency band is noticeably
narrowed. In this case, the intensity of the mode at 109.0 cm−1

sharply increases, while the integral intensity remains practically
unchanged—see Fig. 6. Figure 9 shows the QCL emission spectra
measured in a pulsed mode at different temperatures at the same
current of 120 mA. The pulse duration and the repetition rate were
100 μs and 1 kHz, respectively. The spectra in Fig. 9(a) were
recorded when the signal was sampled at the beginning of the
pulse. It can be seen that in this case the high-frequency band
remains comparable in intensity to the low-frequency one even at a
temperature of 70 K. Sampling of the signal at the end of a
100-microsecond pulse shows that the intensities of the emission
lines in the low-frequency band of 110–115 cm−1 change little
compared with those at the beginning of the pulse. At the same
time, in the high-frequency emission band of 125–126.5 cm−1 at
temperatures of 60 and 70 K, the intensities of the emission lines
decrease by 3–4 times during 100 μs pulse—Fig. 9(b). Since the
high-frequency band is associated with transitions from the upper
u to the middle laser level m, this indicates that in the continuous
lasing mode, the population of the m level increases with increasing
temperature, which leads to a decrease in the population inversion
at the u−m transition. The same thing happens due to heating of
the active region of the QCL during a long current pulse.

Figure 10 demonstrates the possibility of QCL frequency
tuning by changing either temperature or current. At a constant
current of 120 mA, the emission line of the QCL 82117L exhibits
“red” shift (decrease in mode frequency) with temperature changes
in the range of 12–65 K, amounting to about −0.2 cm−1 (−6 GHz),
resulted from an increase in the effective refractive index of the

waveguide due to heating of the crystal lattice (see, for example,
Refs. 34–36)—Fig. 10(a). The opposite “blue” shift (increase in
mode frequency) is observed with increasing current [see
Fig. 10(b)], which is due to the effect of “pulling” of modes when
the gain profile is tuned by the bias, resulting in the corresponding
change in the real part of the dielectric constant (and, accordingly,
the effective refractive index) of the waveguide according to the
Kramers–Kronig relations. For QCLs with diagonal optical transi-
tions, an increase in the current and, accordingly, the voltage across
the structure leads to a shift of the gain spectrum to the short-
wavelength region, which makes a negative contribution to the
refractive index at lower frequencies (see, for example, Refs. 37–39).
As can be seen from Fig. 10(b), the magnitude of the mode fre-
quency shift reaches +0.15 cm−1 (+4.5 GHz). Thus, for the 82117L
QCL under study, it is possible to achieve a total tuning of the
emission line by ∼10 GHz by changing the current and
temperature.

VI. CONCLUSIONS

To conclude, the work demonstrates for the first time a
continuous-wave THz QCL with a “non-resonant” two-photon
design, in which two-band emission is realized. The maximum
operating temperature is about 90 K, which allows the device to be
operated using simple single-stage closed-cycle cryostats. The possi-
bility of tuning the frequency of the radiation mode with tempera-
ture and operating current has been demonstrated, which opens up
the prospect of using the device for spectroscopic applications.
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