Continuously Tunable Spintronic Emission in the sub-THz Range

I llyakov', N. Awari® % S. Kovalev!, C. Fowley', K. Rode®, Y .-C. Lau®, D. Betto®, N.
Thiyagarajah®, B. Green', O. Yildrim!, J. Lindner", J. Fassbender®, M. Coey?, A. Deac’, M.
Gensch*

'HZDR, Bautzner Landstr. 400, 01328 Dresden, Germany, i.ilyakov@hzdr.de

2University of Groningen, 9747 AG Groningen, Netherlands
3CRANN, AMBER and School of Physics, Trinity College Dublin, Dublin 2, Ireland

Terahertz (THz) emission spectroscopy is a wide-
ly used precise technique giving the ability of study-
ing various processes on subpicosecond time scale. It
is based on excitation (typically by femtosecond laser
pulses) of non-equilibrium processes in studied media
by intense ultrashort photon pulses and further detec-
tion of emitted THz light emitted. Typically, the emit-
ted pulses are very broadband single-cycle THz tran-
sients and the emission spectrum is governed by the
laser pulse duration, carrier relaxation time, phonon
absorption, and/or the electro-optical coefficients [1].

In 2004, it was discovered that in the case of
magnetized materials the emitted single-cycle THz
radiation contains information about the demagnetiza-
tion process driven by the laser pulses [2, 3]. Then,
the THz emission spectroscopy was successfully ap-
plied to determine the duration of ultra-fast laser-
driven spin currents [4]. Most recently, two groups
have succeeded in detecting narrow-band emission
from spin waves in ferromagnetic bulk insulators [5,
6].

In this work, we demonstrate the ability of THz
emission spectroscopy for characterization of ultra-
thin Mn3,Ga ferromagnetic films. These films have
recently attracted considerable attention due to their
unique combination of low saturation magnetization,
high spin polarization, high magneto-crystalline ani-
sotropy, and low magnetic damping. In Mns,Ga,
these properties are easily tuned by varying the Mn
content, which modifies the center frequency of the
magnetization precession. This makes Mns,Ga thin
films interesting candidates for free layers in spin-
transfer-torque driven oscillators [7, 8]. Typically,
these films are very thin, from tens to sub-ten nm
thicknesses and the ways of characterization of these
materials are under current research.

The studied samples with 10-65 nm thicknesses
were irradiated by femtosecond laser pulses at normal
incidence [9]. A small external magnetic field (100-
400 mT) was applied in the plane of the sample in
order to synchronize the precession of the spins after
the ultra-fast laser heating allowing for the emission
of a coherent THz wave. The precession frequency is
one of the key parameters in spin-transfer-torque os-
cillators, which determines the working frequency of
the device. This frequency is determined by the next
formula

fres=(err/ 270) (LoHk-1oMs) 1)
where ve IS an effective value of the gyromagnetic
ratio, poHy is an effective perpendicular anisotropy
field. M is the net saturation magnetization. The satu-
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Fig.1. Analysis of the THz emission measurements a) ex-
ample: sequential electro-optic sampling of an emitted THz
transient from Mn,Ga taken with time steps of 130 fs (bul-
lets). A damped sin function is fitted to derive the center
frequency (red solid). b) Fourier transformation of the fits to
the electro-optic sampling measurements yields an approx-
imation of the natural line-width. Shown in the plot are the
thereby derived spectra for Mn,Ga (red-left), Mn,sGa
(black-center) and MnsGa (blue-right).

ration magnetization was measured by vibrating sam-
ple magnetometry. However, the magnetic anisotropy
field, poHy, had a very high value which exceeds the
field available in our magnetometer. So it was not
possible to saturate the magnetization in the plane of
the films. However, this parameter can be also deter-
mined from the precession frequency.

The emitted radiation was measured by THz
time-domain electrooptic sampling. The central fre-
quency of the measured emission lies in a frequency
range between 0.15THz and 0.52THz, and can be
continuously tuned by Mn content, temperature and
external magnetic field. The measured frequencies
corresponds to the value of poHy in the range from
roughly 8 T for Mn,Ga to 13 T for MnsGa that is in
good agreement with literature values [10,11]. These
values were calculated using Eq. (1), M; and fi. Fur-
thermore, the emission field amplitude per nm thick-
ness for their narrow frequency band was up to an
order higher than for 100mkm ZnTe crystal. Thus,
optimization of the emitter geometry or the use of
multi-layer stacks of nanofilms would potentially in-
crease the output power.

Our results demonstrate that the THz emission
spectroscopy is a competitive technique to measure
magnetic properties of ultra-thin films. The precession
frequency of the Mng,Ga films lies in the sub-THz
frequency band that confirms its applicability of using
in spin-torque devices. The efficiency of the spintron-
ic emission is, within the narrow emission bandwidth,
much higher than that of classical ZnTe emitters
based on optical rectification. At this moment the
study of the sub-10 nm thick samples is under current
research and these results will be also performed in
the presentation.
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Frequency combs (FC) have radically changed
the landscape of frequency metrology and high-
resolution spectroscopy investigations extending tre-
mendously the achievable resolution while increasing
signal to noise ratio. By describing two experiments,
we highlight that like other spectral ranges, THz do-
main can exploit a frequency comb.

First, the photomixing experiment we have de-
veloped at the LPCA during the last decade is pre-
sented on figure 1. This spectrometer is able to work
between 300 and 3000 GHz with a frequency accura-
cy and a THz frequency linewidth suitable for high
resolution THz spectroscopy [1-2]. The photomixing
process is known from long time, and consist to con-
vert an optical beat note into the THz domains. It is
one of the best approach to cover a large part of the
THz frequency gap. Thus, the frequency of the THz
radiation produced is just the difference frequency of
the two lasers working around 750 nm (and corre-
sponding to a frequency around 400 THz) required to
use of photomixer made in LTG GaAs. In principle,
the frequency accuracy of the radiated THz radiation
depends of the frequency accuracy of the pumps la-
sers. Clearly, there are no commercial solution to
reach a precision better than 100 kHz often required
for high resolution rotational spectroscopy. An alter-
native way consists to use a FC produce by a femto-
second laser as a ruler to control and to measure the
difference frequency between the two pump lasers. In
the present demonstration, the FC is produced by a
frequency doubled erbium doped modelocked fiber
laser with a stabilized repetition rate around 100
MHz. A beatnote between the laser and the nearest
FC mode was isolated and phase locked to a local
oscillator coherently locking the diode to the FC. The
locking of the second laser to a different FC mode
allows the difference frequency between the pump
lasers to be synthesized. Feedback correction signal is
applied to control the difference frequency of pump
laser, and thus the THz frequency. The difference of
frequency between the diode lasers can be expressed
in Eq. (1) as:

froz =n"fr T2 fe (1)

where frr is the repetition rate of the femto-

second laser, # is an integer, and fs is the frequency
of the synthesizer used to phase lock the beat signals
against synthesizer to a precise frequency control. A
classical commercial wavemeter is used to remove the
ambiguity of the integer.

Various species have been study by use of this
spectrometer from highly polar molecules (OCS,
H,CO) up to low and non-polar (CH3;D, CH4) com-
pounds and as well as radicals (OH, SO) to cite a fews
[3-6].
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Fig. 1. Experimental setup of the THz photomixing spec-
trometer. BS1 is a beam splitter to overlap the two laser
beams from the two External Cavity Diode Laser (ECDL)
and seed Tapered Amplifier (TA). Then, the optical beat
note is divided by a second beam splitter (BS2) to produce
THz radiation and to manage the THz frequency. BS3 is
used to overlap optical beat note and the frequency comb.
Two grating (G) disperse the FC and the two lasers to en-
sure a heterodyne analysis between each ECDL and a part
of FC thank to photodiodes (PD1 and PD2). The heterodyne
signals are used to control the frequency of each laser.

Second, a very popular approach for THz investi-
gations is the well-known THz Time Domain Spec-
trometer. Except the dual comb approach, the discrete
spectral properties of the generated radiation which
forms a THz offset free frequency comb is often ig-
nored. However, the exploitation of the frequency
comb structure of THz pulses should lead to an excep-
tional frequency resolution. To explore this approach,
a dedicated heterodyne detection has been implement-
ed around 200 GHz in order to analyse at very high
resolution the THz FC (figure 2). Knowing exactly
the repetition rate of the femtosecond laser used to
produce the THz FC and intermediate frequency
thanks to spectrum analyser, different components of
the THz FC can be identified without ambiguity (fig-
ure 3). By tuning the repetition rate and/or the fre-
quency of the local oscillator, high resolution spec-
troscopy can be performed [7].

Those two examples show the potential of the
Frequency Comb to improve spectroscopic investiga-
tions in the THz domain.



Femtosecond laser

THz antenna

Spectrum analyser

Local Oscillator Mixer

Fig. 2. Heterodyne spectrometer. The THz FC is produced
by focusing optical fs pulses onto a a photoconductive di-
pole antenna. The THz FC and the local oscillator (formed
by an amplifier multiplier chain driven by a synthesizer) is
overlapped by a beam splitter to feed a subharmonic mixer.
After amplification, the intermediate frequency (IF) signal
is recorded by a classical spectrum analyzer.

f =99 815 654,186 04 Hz °
= f_ =180,0024GHz
‘h. £, =180GHz o/ ‘*
£
Q |
hel
- 60 - 4
5 £,=178,570236GHz
g n=1789,000
Q
E : :
3 .‘ £,2181,464884 GHz
K ‘ n= 1818,000
I Al ]

T T T
1,42E+009 1,44E+009 1,46E+009

IF frequency, Hz

Fig. 3. High resolution spectra of the THZ FC obtained by
use of heterodyne detection in which each component is
clearly identified by an integer corresponding to an exact
harmonic of the repetition rate.
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This talk presents a brief overview of terahertz
(THz) lasing which is based on the intracenter transi-
tions of impurity Coulomb centers in semiconductors.
By now such kind of effects is obtained on group-V
donor centers (phosphor P, antimony Sb, arsenic As,
bismuth Bi). Energy diagram group-V donor states is
shown on Fig.1.
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Fig. 1. Energy diagram group-V donor states in silicon.
Arrows show possible “normal” laser transitions.

Depending on the pump parameters (frequency,
intensity) one can reach either “normal” laser action
which develops due to the population inversion be-
tween localized donor states or inversionless Raman
lasing. Normal lasing occur under optical pumping by
a midinfrared laser (for instance by a CO, laser) emit-
ting at discrete lines originated from the 2py—15(T>)
and the 2p.—1S(E,T,) transitions subsequently from
P, Sb and As, Bi centers in the wavelength range 4,5 —
6,4 THz [1]. Needed population of pointed states are
controlled by phonon-assisted relaxation for cryo-
genic temperatures (T < 20 K). Under the same condi-
tions and an intracenter optical excitation of donors
one can obtain additionally Raman THz lasing on the
transitions between so called “virtual” and 1s(E) final
states. As shown the frequency of Raman lasing can
be continuously changed between 4,5 — 6,4 THz vary-
ing the pump frequency. Normal and Raman lasing of
donors were studied using free electron laser FELIX
(Netherlands) facility.

Last years the experimental and theoretical activ-
ity was focused on the investigation of group-V donor
lasing from axially strained silicon crystals. It has
been shown that even moderate compressive stress

applied along the [100] axis brings to a significant
change of THz laser performance of group-V donors
[1,2]. There is an optimal strain which may consid-
erably reduce (up to two orders of magnitude) the
laser threshold pump intensity increasing small signal
gain and efficiency if it concerns normal lasing (see

Tablel).

Zero stress | Stress along
Characteristics [100] direc-
tion
Gain:
Photo ionization (10,6 pm) | <0,2 cm™ *1 em’!
Intracenter pumping (36 pm )| 2—4 cm™ -
Quantum efficiency:
Photo ionization (10,6 um) | *<1% *<10%
Photo ionization (17 pm) - *<15%
Intracenter pumping *50% -
(19-39 pm)
Efficiency (10,6 um): *up to 107 | *up to 102
Pump threshold (10,6 pm): >15-100 | =100-200
kW/cm? W/em?
Frequency tuning: Absence Aw/o~1%
Operating temperature: <15-30K
Donor concentration: 2 -4)x10" cm?
Frequency range: 5,4—-6,4 THz

Tab. 1. Characteristics of “normal” THz silicon lasers;
* —theoretical estimate.

It is clear that a value of the optimal strain de-
pends on the doping agent. The influence of the axial
strain on Raman lasing is still under continuation. The
possible mechanisms behind the strain of the host
crystal will be discussed.

In conclusion it is worth to touch the issue of an-
other donor centers in the context of THz lasing from
silicon.
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Terahertz (THz) spectral range still lacks compact
and efficient radiation sources. Quantum cascade lasers
(QCLs) based on GaAs and InP demonstrate remarkable
performance in the spectral range from 1 THz to 5THz
and above 15 THz' the “gap” resulting from strong two-
phonon absorption. The interband lasers are a straight-
forward alternative, but in narrow-gap materials the non-
radiative Auger recombination is expected to be very
effective. Lead salt diode lasers are known to operate up
to 50 pm?’. (though their figures of merit are very lim-
ited). The factor that mitigates the Auger recombination
in PbSnSe is the symmetry between electron and hole
dispersion laws. For energy and momentum conservation
laws to be fulfilled, the summarized kinetic energy of the
three particles involved in the Auger process has to be
over a certain threshold energy Ey,’ that decreases if there
are heavy mass carries, e.g. heavy holes.

Symmetric energy-momentum laws are realized in
HgTe/CdTe based quantum wells (QWs). In HgCdTe
QW structures with bandgap 60 - 80 meV we observed
the increase of carrier lifetimes with the pumping inten-
sity up to several microseconds due to saturation of
Shockley-Read-Hall (SRH) recombination centers, infer-
ring that optical gain can be obtained under reasonable
pumping intensity”. Earlier the longest wavelength of 5.3
pm was obtained in HgCdTe-based lasers that did not
exploit QWs in its design’. In this work, we report stimu-
lated emission (SE) from HgCdTe structures at wave-
lengths up to A ~ 20 um, and demonstrate possibilities for
HgCdTe based lasers to enter 5 — 15 THz frequency do-
main.

Structures under study were grown by molecular
beam epitaxy on semi-insulating GaAs(013)°. Energy
spectra were calculated in the framework of Kane 8x8
model. Structure #l contains ten 12 nm thick
Hg 37Cdy.13Te/CdgssHgo35Te QWs and structure #2 - five
5.4 nm thick Hgj ¢;Cdg 09 Te/CdysHgo4Te QWs. The struc-
tures were designed so as to effectively confine light to
in-plane direction, therefore the “active” region (5 - 12
QWs) was placed at the antinode position of TE, mode in
a thick (several micrometers) dielectric waveguide. Due
to a quite specific growth direction (013), naturally
cleaved facets do not form the Fabri-Perot resonator.
Thus, the stimulated emission (SE) studied in this work
results from single-pass amplification.

SE spectra for two samples under study at 8K and a
“critical” temperature T, above which no SE is ob-
served, are given in Fig. 1. The emission intensity dem-
onstrates clear threshold dependence on pumping power,
typical for the onset of SE. Another telltale sign of the SE
is photoluminescence (PL) line narrowing.
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Fig. 1. SE spectra at different temperatures (solid curves) ob-
tained under pulsed pumping with 2.3 pm wavelength and 10
kW/cm? intensity for Structure #1 (at both temperatures) and 65
kW/em? for Structure #2 at 175K. SE for Structure #2 at T'= 8K
was obtained at cw excitation with 0.9 pm wavelength 7 W/cm?
intensity. Dash curves show PL spectra obtained with the same
cw pumping source at 5 W/em? intensity for Structure #1 and 1
W/em? for Structure #2 at 8 K.

The corresponding thresholds are 5 kW/cm® and 120
W/em® for SE wavelength ~20 pm (15 THz) and ~10 pm
(30 THz) at low temperatures. However, these values are
obtained for “below barrier” excitation (7w < E, in barri-
ers), i.e. when non-equilibrium carriers are generated in
QWs only. Taking for estimation the QW absorption as
1% one can find the corresponding carrier density in each
QW ny, = 1.4x10" em? for A, = 2.3 pm and I, = 0.12
kW/cm® pumping intensity. This ny, value agrees fairly
well with our previous calculations’. It also allows esti-
mating the equivalent threshold current density for 5
QWs placed into a p-n junction as jy, = Seny/Tyus. (e is the
elementary charge), that for 1, = 10 ns gives jy, = 11
A/em’. This threshold is low enough to obtain SE under
cw excitation: Fig 1. shows the corresponding spectrum,
measured with cw pumping at 0.9 um wavelength.

Obviously, the threshold grows with the SE wave-
length and the maximum “operating” temperature 7,
gets lower. To understand the energetic scale that deter-
mines Tp.x let us consider the energy spectrum of Struc-
ture #1, presented in Fig.2. One can see that the hole ef-
fective mass increases dramatically with £ and the disper-
sion laws in the valence band and the conduction band
are no longer quasi-symmetrical. When holes reach lar-
ger-mass region the Auger recombination becomes effi-
cient. We have calculated the threshold energies Ey, for
CCHC Auger process (the energetic threshold for CHHH
process is high compared to CCHC process, therefore the
latter is less important) given in Fig. 2. For both struc-



tures under study we get kg7 = Eq/2. In Fig. 2 one can
see also that the detrimental impact of side maxima in the
valence band can be reduced in QW of pure HgTe with
the same bandgap as in Structure #1. As easy to see in
this case the threshold energy increases significantly.
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Fig. 2. Calculated energy spectrum of Structure #1 (solid lines)
and HgTe/CdHgTe QW with the same bandgap (dash lines), 7=
0. Threshold energies and carrier configuration are shown for
Auger CCHC process.

Effective carrier temperature is affected by their heat-
ing by the pumping radiation. At the excitation with ra-
diation wavelength 2.3 um the carrier heating effect is
noticeable already in QW structures emitting at wave-
lengths pm about 14 um. For the Structure #1 emitting at
A ~ 20 pm the SE quenching with the increase of pump-
ing power takes place just after the SE arising. We have
demonstrated that the pumping with CO,-laser (A = 10.6
pum) drastically decrease the carrier heating and the SE
intensity monotonously grows with pump power. Thus,
the effect of SE quenching with the pump power, ob-
served in Ref.8 is not fundamental but results from using
the short wavelength excitation.

Carrier lifetimes are expected to decrease for QW
structures with narrower bandgap. The sub-nanosecond
carrier lifetimes have been explored via the pump-probe
measurements of a sample’s transmission using THz free
electron laser FELBE at Helmholtz-Zentrum Dresden-
Rossendorf’. For HgCdTe QW with E, =20 meV (f~4.8
THz) the carrier lifetime proved to be about 100 ps for
carrier density 10" cm™ that is sufficient to achieve the
population inversion. One can estimate a threshold pump-
ing intensity of 10 kW/cm? for an optically pumped laser
exploiting such QWs as an active media. Thus, HgCdTe
QWs should be able to provide amplification of radiation
at interband transitions down to 5 THz (A = 60 um).

In conclusion, we demonstrated stimulated emission
at wavelengths up to 20.3 pm (14.7 THz) from HgCdTe
based waveguide quantum well heterostructures. Nonra-
diative Auger recombination is shown to be suppressed

compared to bulk HgCdTe solid solutions due to the
“symmetry” of electron and hole energy-momentum
laws. Results of time-resolved pave the way to obtain
stimulated emission in wide THz range down to 5 THz.
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One of the main problems in the development of
semiconductor sources of the THz radiation is their
operation at room temperature. Operation frequencies
of room-temperature hot-electron bulk semiconduc-
tors such as Gunn diodes are limited by the time of
development of the negative differential conductivity
and the dielectric relaxation time. The former time in
most semiconductors is usually in the range of pico-
seconds. The Maxwell relaxation time at the conven-
tional doping level on the order of 10"°cm™ is also
~107" s. Therefore, the operation frequency band of
hot-electron devices does not exceed 100-200 GHz.
This limit is eliminated by using the laser scheme,
when the energy of a photon is determined by the
difference between energy levels with the inverse
population and does not depend on the inertia of the
conductivity relaxation. However, all THz semicon-
ductor lasers operate at cryogenic temperatures. It is
hardly possible to implement the population inversion
at room temperature, since k7 = 25 meV and the en-
ergy of THz photons is ~10 meV. Therefore, it is rea-
sonable to search for systems with a negative high-
frequency differential conductivity, which can excite
oscillations in the corresponding cavity. Good exam-
ples are resonant-tunneling diodes, in which the gen-
eration frequency has been reached 1.92 THz [1].
Another suitable semiconductor systems are superlat-
tices (SLs).

The electron transport in semiconductor SLs has
been studied in detail in recent decades [2], mainly in
connection with the predicted amplification of Bloch
waves, which can make it possible to create tunable
sources of THz radiation. The main hindrance to the
Bloch wave amplification is the formation of electri-
cal domains owing to the static negative differential
conductivity (NDC) arising in superlattices at reso-
nant tunneling between confined states in neighboring
quantum wells [3]. The domain formation in superlat-
tices eliminates the Bloch gain. On the other hand, the
samples with the electrical domains can exhibit the
dynamic NDC (the real part of electrical impedance is
negative) in some frequency range (similarly to bulk
materials [4-8]) and can be used for high-frequency
generation in a suitable resonant cavity.

Superlattices for the THz range should satisfy
several conditions. To get the short conductivity re-
laxation time, which is the time of tunneling in SLs,
one has to use SLs with thin barriers. To prevent a
thermal exchange with carriers between succeeding
confined states in SLs, we need to have narrow quan-
tum wells and the large band offset. For fast space
charge redistribution in SLs with electric domains, the
high doping level is needed to obtain the short dielec-

tric relaxation time. Here we present studies of tunnel-
ing electronic transport in short-period GaAs/AlAs
superlattices (SLs) with electric domains.

The MBE grown GaAs/AlAs SLs consisted of
100 periods of 4 nm GaAs/2 nm AlAs between heav-
ily doped (~10"cm™) n* cap layer and n* substrate.
GaAs quantum wells (QWs) were Si doped with con-
centration of 2*10'"cm™. The ring-shaped mesa struc-
tures with the diameters from 10 to 15 pm and 0.8 to
1.5 um widths (Fig. 1) formed the distributed THz
cavity with resonant frequencies corresponding to the
free-space wavelengths from ~110 to ~170 um. Tri-
angular voltage pulses with a sweep-up times of 0.5 to
10 us and sweep-down times up to 100 ps applied to
the sample were used to record I-V curves. Measure-
ments were performed at room temperature.

Fig. 1. View of the sample with the contact and current lead

The moving domains are formed at some thresh-
old voltage and became apparent in a sharp decrease
of current (up to 50% - Fig. 2). It was found that this
threshold voltage changes considerably under the
change of the cavity [9]. The cavity was changed by
deposition of a droplet of conductive silver epoxy
paste covering the entire top part of the mesa structure
(see insets in Fig. 2). Fig. 2 shows the current—voltage
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Fig. 2. Current—voltage characteristics of the GaAs/AlAs
SLs under a change of the cavity: (lower curve) before and
(upper curve) after the deposition of a droplet.



characteristics of the structure before and after the
deposition of this droplet. The current through the
sample after the deposition increased, what is natural
because the contact area increased. In fact, the in-
crease in the current approximately corresponds to the
increase in the area. In addition, the threshold field of
the domain formation changed, which was generally
surprising because the thickness of the structure (the
distance between current contacts) remained the same.

The possible origin of the change in the threshold
field at changing the contact area is the appearance of
an alternating field with sufficiently high amplitude in
the cavity. Indeed, if an ac voltage of comparable am-
plitude is applied to the sample with a nonlinear cur-
rent—voltage characteristic in addition to the dc volt-
age, an additional dc voltage appears because of the
detection and shifts the operating point. Thus, this
experiment indicates the excitation of THz oscilla-
tions in the cavity owing to the negative resistance of
the superlattice with domains. We note that an analo-
gous effect of an alternating electric field on the shape
of direct current—voltage characteristics was observed
in the bulk GaAs with the Gunn effect [10].

For not resonated structures, several features ap-
peared in I-V curves (Fig. 3). First one is the hystere-
sis at forward and backward bias sweep. The size and
shape of hysteresis loop depends on the peak voltage
of the triangular pulse. The maximal loop observed
when the current grows up to its peak value in the I-V
curve. In this case the current saturation appears in
some voltage range (Fig. 3), being essentially larger at
bias sweep-down. The current saturation is due to
static domain formation. So, the current hysteresis can
be explained by a transition from moving to static
field domain at sweeping the bias up and the return at
its sweeping down. The large asymmetry of the transi-
tion times was found: the transition from travelling to
static domain regime passes in a time shorter 0.1 mi-
crosecond, while the time of the reverse transition -
from static to travelling domain regime — is ~100 mi-
croseconds. It is seen from I-V curves in Fig. 3 meas-
ured at different sweep-down duration. The long time
is referred to deep impurities at the SL-buffer layer

boundary.
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Fig. 3. I-V curves at different voltage sweep-down times

The second feature is the series of almost volt-
age-periodic maxima in current-voltage characteris-
tics. The maxima are on a background of current rise
in the mean. The current rise is evidence of triangular
form of the domain: the negative charge at one of
domain boundaries (in one quantum well) is due to
free electrons with the concentration of more than one
order larger than the donor concentration supporting
the necessary field step, while the positive charge at
opposite domain boundary is due to positively
charged donors [11, 12]. The linear spatial grows of
electric field inside the domain is just the result of
donor depletion.

The positions of the maxima in the I-V curves did
not depend on the frequency of THz cavity, they co-
incided at different ring cavity diameters, while essen-
tially changed at cooling. The average period of the
maxima at nitrogen temperature was by 1.5 times lar-
ger than that at room temperature. The origin of these
maxima is attributed to the optical phonon assisted
tunneling between quantum wells inside the triangular
domain.

The work was supported by RFBR grant 16-29-03135
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Introduction

Terahertz (THz) wideband sources are required
nowdays in many field, such as spectroscopy, astron-
omy and radio physics. We present a new implemen-
tation for a flux-flow oscillator (FFO) based on a long
Josephson junction providing the THz emission in the
open space. The FFO was used earlier in our team
merely as an on-chip heterodyne for the SIS receiver
[1-2], it has a really wide operating range up to 100%
of central frequency and a power of about 1 pW.
Based on the Nb/AIN/NbN trilayer the FFO with di-
mensions 400x16 pm? provides the output radiation
from 200 GHz up to 750 GHz with the spectral lin-
ewidth of about 1 MHz. The upper operating frequen-
cy can reach 1 THz. The phase-lock loop (PLL) is
used for the phase locking of the emission collecting
up to 97% of the output THz power in the peak with a
width of about 40 kHz. Such oscillator implemented
as an external source could be useful for many tasks —
gas spectroscopy, heterodyne receivers, etc.

Concept of the THz oscillator & numerical
simulations

The principle of the FFO operation is discussed
elsewhere [3-4]. The operating frequency is defined
strictly by the Josephson equation

hf'=2eV, €))
where V is the DC voltage on the junction. The origi-
nal idea of this work is the integration of the FFO
with a harmonic mixer (HM) for the feedback locking
loop and a transmitting slot antenna on a single chip
(fig. 1a) placed on the back surface of the elliptical
lens (fig.1b). The chip substrate and the lens are both
made of silicon. Thus, the main task is the coupling of
the oscillator having low output impedance (less than
1 Q) to the lens antenna having high impedance (tens
of Q) and forming a beam pattern required for appli-
cations, and simultaneous coupling to the harmonic
mixer based on SIS junction having the area about
1 um? and the impedance of about several Q. Cou-
pling to the antenna should be as high as possible,
while coupling to the HM should be just enough for
properly PLL operation and not take away much
power (commonly 10-20 %). Both couplings with the
antenna and the HM should be in the same frequency
range, which is required to be as wide as possible.
The slot antenna is fabricated of superconducting Nb
thin film, as well as the transmitting microstrip lines
between the FFO, antenna and HM (the thickness is
about 200-450 nm). The chip with the planar integrat-
ed circuit mounted on the lens is placed in the liquid
helium cryogenic system with the temperature 4.2 K.
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Fig. 1. (a) layout of the planar structure of THz oscillator
(1) based on a long SIS junction coupled by microstrip line
(2) to slot antenna (3) and by microstrip line (4) to harmonic
SIS mixer (5), metallization layer (6) of antenna is also the
bottom electrode of the microstrip and the SIS junctions;

(b) scheme of the chip (1) with oscillator and antenna
shown on (a) placed at the far focus (2) of the silicon lens
(3). The scheme (b) is not to scale.

The main calculations for the designs of the oscil-
lator coupled to the antenna and HM are made by
using the specialized software for microwave 3D
modeling. Three designs of the “oscillator & antenna
structure” were developed for the central frequencies
350 GHz, 450 GHz and 600 GHz, hereinafter called
A-350, A-450 and A-600 respectively. More than
70% of oscillator output power is radiated in the rang-
es of 250-410GHz, 330-570 GHz and 420 —
700 GHz for three designs, the calculation results for
the emitted power vs frequency will be shown togeth-
er with the experimental results in the next section.
Designs A-450 and A-600 contains all the elements
shown in fig.1a, but A-350 doesn’t contain the HM
with a corresponding coupling line and has no ability
to lock the oscillator. A-350 design will be upgraded
in the next step of this work. In the fig. 2 the calculat-
ed beam patterns at the fixed frequency for 350 GHz,
450 GHz and 600 GHz antenna designs are shown,
the main power is concentrated in the center lobe.

Experimental results: preliminary testing

The batch of experimental samples based on
Nb/AIN/NbN was fabricated according to the devel-
oped designs. The current density of the SIS trilayes
on the batch is about j. = 10kA/cm?, this corresponds
to parameter R,S of about 20 Q-pm?. The quality fac-



tor of the junctions defined as the ratio of “sub-gap”
resistance to normal resistance Ry/R, is about 30.

Gain, dB

\ — - = A-350 @400GHz !
—— A-450 @550GHz
— — A-650 @650GHz
_30 ] 1

25

-180 0

Angle, deg.
Fig. 2. Numerically simulated beam patterns of three anten-
na designs at the fixed frequency in the region of operation.
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The pumping of the SIS harmonic mixer by FFO
power leads to the appearance of current quasiparticle
step on the IVC which is measured directly in the
whole frequency range of the FFO operation. In the
fig.3 the experimental results for frequency depend-
ences of HM pumping are presented together with the
calculation results of the absorbed power for the de-
signs A-450 and A-600. There is a good agreement of
the experiment with numerical simulations.

experiment
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051 F - - -num.simulations |
i || / H mree experiment
iy, i A-600
04r o e num.simulations |
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calculated absorbed power norm.
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400 500
Frequency, GHz
Fig. 3. Experimental results of HM pumping by FFO power
and calculation results of the absorbed FFO power by HM.
The HM pumping current is normalized to the “current
jump” at the gap SIS voltage. The absorbed power is nor-
malized to the total output FFO power.
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For the measurements of the FFO emission in the
open space by lens antenna the superconducting inte-
grated spectrometer (SISP) is used [5]. Two liquid
helium cryostats for the oscillator and the receiver
were used and set opposite each other, so that the qua-
sioptical windows of the cryostats were oriented to-
ward one another. The local oscillator of 19-21 GHz
is used for the mixing by the HM of the FFO signal
and the »-th harmonics of the oscillator. Additionally,
the PLL system is used for locking the signal. The
radiated spectral line could be measured simultane-
ously by the HM in the intermediate frequency (IF)
range 0 - 800 MHz and by the spectrometer in the IF
range 4 - 8 GHz. The emission in the open space was
successfully obtained in the wide region at some fre-
quency points of operation and studied by the SISP as
well as by the HM and the feedback loop. The results
of the first measurements together with the transmit-
ting antenna characteristics are shown in the fig.4.
The spectral lines emitted by FFO have the Lorenzian
shape with a linewidth of about 2-15 MHz; the ratio
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of signal (spectral line) power to noise power is
shown on the right axis in fig.4. Numerical simula-
tions for A-350 (250 -410 GHz range) are not pre-
sented since an experiment still was not carried out at
THz frequencies for this design. Such experiment
requires another type of receiver (a Golay cell or a Si

bolometer).
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Fig. 4. Calculation results of power emitted by antenna to
open space normalized to the total output FFO power (left
axis); experimental points of output emission detected by
SISP at some frequencies (right axis).

Conclusion

The superconducting THz oscillator based on the
long Josephson junction with unidirectional flow of
the fluxons (a flux-flow oscillator or a FFO) is an
encouraging solution of the THz source for the tasks
where wideband frequency tuning is required and the
high power is not necessary. We proposed the idea
and implementation for the external THz source based
on the FFO integrated with the harmonic mixer and
the transmitting slot antenna integrated on a single
chip with the oscillator. The lens is used forming the
narrow beam pattern. Three antenna designs that co-
vers the 0.25 - 0.7 THz region are developed and nu-
merically simulated, two designs for 0.33 - 0.57 THz
and 0.42 — 0.7 THz are experimentally studied. The
emission to open space is measured by external high
resolution spectrometer.

This work is supported by Russian Science Foun-
dation (project Ne 17-79-20343).
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The Josephson effect can be used for the genera-
tion of high-frequency electromagnetic radiation [1].
The frequency is limited only by the superconducting
energy gap. For achieving a practically important mW
level of emission power the arrays containing
N ~ 10*-10° JJs would be needed. Such arrays would
have a typical size of L ~ 1 cm, which is much larger
than the wavelength A even at sub-THz frequencies.
The substantial phase delays between JJs are the sig-
nificant problem impeding the synchronization of
large JJ arrays.

It was recently suggested [2, 3] that the synchro-
nization of large JJ arrays can be mediated by a unidi-
rectional traveling wave along the array. The main
fingerprint of the traveling-wave regime in an oscillat-
ing system is a strong forward-backward asymmetry
of the radiation pattern. This is qualitatively different
from the resonant, standing-wave case, which per
definition has a symmetric radiation pattern. Thus, the
shape of the radiation pattern allows a clear distinc-
tion of the two scenarios.

In our work we have studied angular dependence
of electromagnetic wave emission from two large
Nb/NbSi/Nb JJ series arrays having different design.
For both arrays we observe a significant forward-
backward asymmetry of the measured radiation pat-
terns which is interpreted by the involvement of the
traveling-wave mechanism of synchronization. We
have also performed numerical simulations of the
Josephson traveling-wave antenna which have sup-
ported our conclusions.

The studied arrays contain 6972 and 9000 JJs
which are located on silicon substrates, on the area of
5x5 mm. The first sample was named as linear array
while the second was named as meander array. More
details about characterization of the arrays can be
found in Ref. [4]. Electromagnetic radiation was de-
tected by a high-purity n-doped InSb bolometer which
was preliminarily calibrated. Measurements are per-
formed in a closed-cycle cryostat with a sample-in-
gas cooling and the base temperature T = 1.8 K. Array
can be rotated by special gear mechanism while the
detector is permanently fixed. The detector is located
at approximately 1 cm from the geometrical center of
the array. Position of the detector face-to-face on top
of the array corresponds to the angle o =90°. The
relative accuracy of the rotator is 0.02°.

We performed measurements of current-voltage
characteristics (IVCs) at different o simultaneously
with measurements of the detected power. It was ob-
tained that critical current of both JJ arrays is
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Ic~3mA and the steps in the IVCs appear in the
range U ~2-25V.

The angular measurements were performed in the
stable steps of IVCs. An analysis of the angular de-
pendencies of the emission power reveals a forward-
backward asymmetry of the radiation patterns for both
samples. In the Fig.1 the radiation pattern measured
for the meander array was shown. It represents de-
creases of zero-bias resistance —ARge; relative to the
case of unbiased array. Measurement was made at
U =2.223 V corresponding to oscillation frequency
f=119.3 GHz. As seen, the radiation pattern demon-
strates a pronounced asymmetry in emission between
forward (a < 90°) and backward (a > 90°) directions.
Similar, but less prominent, asymmetry of radiation
power is demonstrated by the linear array. Such
asymmetry is inconsistent with the resonant mecha-
nism of synchronization of the arrays by standing
waves because standing waves per definition should
have forward-backward symmetric radiation patterns.

OD

120°
Fig. 1. Measured angular dependence of the ac-detected
signal —ARg () for meander array

N
~/ | N7

The emission power reached the maximum values
Pem ~ 80 — 90 uW for both arrays. For the linear array
it occurs at the step in the resistive branch of I1\VC.
However for the meander array it occurs outside the
step in the reverse branch of IVC near U = 1.8 V (see
Fig.2, inset). This suggests that traveling waves play a
more prominent role in the emitted electromagnetic
field for the meander, than for the linear array.

In Fig.2 the dependence of detected emission
power of meander array along the reverse branch of
the IVC is demonstrated. Here the dc-voltage re-
sponse was registered —AUg and the data was ob-
tained at o =40° when the maximal power was at-
tained (Fig.2, inset). During the sweeping from a large
bias current downward to zero the junctions switch in
sequence from the resistive into the zero-voltage state.
Thus, variation of the emitted power with bias voltage
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Fig. 2. Emitted electromagnetic power (dc-detector re-
sponse, —AUqe) along the reverse branch of the 1VVCs of
meander arrays at a = 40°. In the inset the corresponding
IVCs obtained by repeated back-and-forth sweeping of
bias current is shown. The gray bar indicates the detected
power (dc-detector response)

is primarily due to variation of the number of oscillat-
ing junctions N,, approximately proportional to volt-
age U. It is seen that a rapid superlinear enhancement
of the emission power occurs at 1.3 V. It is known
that for the case, when all the oscillating junctions are
in the exactly identical state, the emission power
should increase as P., ~ N’ Thus the data in Fig.2
indicate the regime of superradiant emission in the
meander array. It is suggested that a nonresonant trav-
eling-wave mechanism of synchronization contributes
to the observed superradiant emission in the meander
array, along with persisting standing-wave resonances
that is indicated by the presence of steps in the IVCs.

As suggested earlier [2, 3] large JJ arrays may act
as Josephson traveling-wave antennas. Such antennas
have asymmetric radiation patterns with a maximum
in the direction of propagation of the wave at an angle
a = arccosh/k, where h is the wave number of current
oscillations in the antenna and k is the wave number
of the emitted wave in vacuum. For analysis of non-
linear dynamics of the Josephson traveling-wave an-
tennas, we develop a numerical code for solving
Maxwell equations by the FDTD method in combina-
tion with self-consistent solution of junction dynamics
within the RSJ model.

Our simulated array contains 10 JJs, linear
lumped passive elements and two voltage sources
(Fig.3a). Elements in the arrays are connected by per-
fectly conducting wires. The array is placed on dielec-
tric substrate a dielectric permittivity 10. Junction
parameters used in simulations are I = 2.5 mA, nor-
mal resistance 0.5 Q, and the McCamber parameter
0.2. We inserted passive elements (resistances and
inductances with the values of 25 Q and 200 pH, re-
spectively) which are different at the opposite sides of
the circuits. These elements are needed for simulating
the dynamical violation of the symmetrical state that
has to take place in real JJ arrays.

Numerically simulated radiation pattern are
shown in Fig.3b. The chosen radiation frequency
f=136.6 GHz provides the wavelength of the current
wave considerably smaller than the dimension of the
circuits

It is seen that array exhibit a pronounced forward-
backward asymmetry of radiation patterns with max-
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Fig. 3. The model of Josephson traveling-wave antenna
(a) and simulated three-dimensional radiation pattern (b)

imum in the direction of positive x-axis direction. The
value of directivity in the maximum power radiation
is 4.6 dBi. The radiation pattern has two large lobes
with equal amplitudes. One of them is directed strictly
along the x-axis that indicates a surface plasmon ex-
cited in the array. The relation h/k > 1 is realized in
this case. For another large lobe h/k <1, i.e. an ordi-
nary traveling wave exists with the finite angular de-
viation o from the x-axis which is a = 42° in this case.

The aim of these simulations was rather to
demonstrate that the main evidence for the traveling-
wave regime is the forward-backward asymmetry of
the radiation pattern with a maximum in the traveling-
wave direction. This is qualitatively consistent with
the observed forward-backward asymmetry of emis-
sion from the studied large JJ arrays.

The work was supported by the Russian Founda-
tion for Basic Research (Grants No. 16-32-00686 and
No. 18-02-00912), the Swedish Foundation for Inter-
national Cooperation in Research and Higher Educa-
tion (Grant No. 1G2013-5453), and the Swedish Re-
search Council (Grant No. 621-2014-4314). V. V. K.
and A. M. K. would also like to acknowledge the par-
tial support of this research by the Russian Science
Foundation (Grant No. 15-12-10020).
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INTRODUCTION

Sub-terahertz resonator cavity-based switches [1,
2] with an active semiconductor element of Gallium
Arsenide (GaAs) driven by laser pulses are used to cut
microwave signal from a generator to series of wave
packets. Intrinsic properties of Gallium Arsenide crys-
tal help to achieve nanosecond level of switching per-
formance with green driving laser emission [3]. The
resonant waveguide cavity construction ensures low
phase distortion to the packets’ at the output [4]. The
output phases are linked to each other once the input
microwave signal is coherent, e.g. a gyrotron in a
phase stabilization regime [4, 5]. The prospective ap-
plication of the switches is the new generation of
DNP-NMR (Dynamic Nuclear Polarization — Nuclear
Magnetic Resonance) spectroscopy featuring low
power on probing objects and expanded resolution.

OVERVIEW OF THE SWITCH

A photo of the 260 GHz waveguide semiconduc-
tor switch used for the second-long pulse modes is
shown at Fig. 1. Microwave input and output are
symmetrical |IEA WR3 standard rectangular
waveguides — 0.864 x 0.432 mm — to the left and right
flanges shaped according to UG 387 international
standard. There is a rectangular input hole with the
dimensions of about 0.55 mm in the center for driving
laser pulses. A semiconductor plate of gallium ar-
senide is installed right under the laser input hole. The
switch can be slightly fine-tuned by about a 10 GHz
with a mechanical tuning screw (not shown on the
picture).

MICROWAVE POWER MEASUREMENT PROBLEM

Testing the switch for the first time demonstrated
safe operation with no heating issues with about 30
mW test power source at the input. The maximum pos-
sible microwave power the switch can commutate is
limited by an IEA WR3 waveguide standard safety
value for 260 GHz frequency band; it is about 20 W,
about two times lower than the breakdown value. A
trivial way to raise the power up to the maximum of 20
W is a challenge because of very limited measurement
precision. Modern gyrotrons are usually designed to
provide power up to kilo- and megawatts, and com-
monly used power meters (or wattmeters) are calorime-
ters rated to the corresponding maximum power levels.
They produce errors of worse than 100% for 20 W and
lower powers. The lower powers are possible to register
with semiconductor detectors.
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Fig. 1. Photo of the 260 GHz resonant cavity-based switch.

But there are still problems of matching the detectors
preventing spurious reflection. Up to now there are no
high-precision commercial wattmeters for low powers
for frequency band of 260 GHz [6].

CHANGING THE PROBLEM TO LASER MEASUREMENTS

Meanwhile, the most of lasers are known for more
than 50 years, and their power is easy to measure with
high precision in wide ranges of powers for common
wavelengths. So substituting the Ohmic heating
mechanism by commutated microwaves with an appro-
priate laser absorption in the semiconductor, we can
recalculate the laser power value to the corresponding
microwave one. The semiconductor plate heated by an
infrared laser demonstrates the same temperature dis-
tribution as it is heated by a commutated microwaves.
Both the functions decay smoothly into the depth, and
the maximum values for the functions are achieved at
the plate’s surface. For a 1.06 um laser it is known that
about R = 1/3 of the power is reflected from gallium
arsenide, and the rest is absorbed in the semiconductor.
The microwave power insertion loss coefficient for 260
GHz switches is about -0.5 dB, i.e. about T = 10%. Let
us consider the switch is able to endure the maximum
laser power of P,. So, for the maximum endurable mi-
crowave power we can write:

1-R)

P, = P ~7-P,

)

The experiments have shown that the 260 GHz
waveguide semiconductor switches designed for nano-
seconds are able to make pulses up to a second. There-
fore the switches cover at least nine orders by duration,



from 1 nanosecond to 1 second and even longer. The
switching capabilities at longer durations depend on the
pulse length and form, the power and energy of the
laser pulse, and the microwave power the switch com-
mutates. There is no case that should be called opti-
mum for switching; it always depends on an application
the switch is used within. The maximum commutated
microwave power the switch should withstand can be
estimated with a substitution of two heating mecha-
nisms in gallium arsenide, the infrared laser one and the
microwave Joule one. The switch has successfully
passed a 1-second 1-Watt laser pulse, and 1 second is
much more than all the relaxation times in the switch.
So we can estimate the switch should withstand:

Php=7-P =7TW @)

The maximum safety transmittable power through an
IEA standard WR3 waveguide, 0.864 x 0.432 mm, is
about 20 W. While we have seen the semiconductor
plate has damaged after the 20 W laser experiment, we
have managed to capture the moment of blow and con-
clude the minimum operable pulse duration is 15 ms
under that maximum laser power.

The switch has been repaired after the blow and fur-
ther experiments have been performed with a 1 kHz
pulsed laser. The laser has been shuttered on and off
with an optical gate with operating durations from 100
Ms to 1 ms to support different heating regimes of the
semiconductor plate to make future blowouts virtually
impossible.

THE VERY FIRST EXPERIMENT WITH GYROTRON

To confirm these simple theoretical estimations, (1)
and (2), we performed a plain test with a gyrotron. The
gyrotron [5] provides second-long microwave pulses at
the frequency of about 258 GHz with the power rate of
about 100 W and Gaussian beam aperture of about 35
mm. The switch has an input rectangular waveguide
with dimensions 0.864 x 0.432 mm corresponding to
IEA WR3 standard. So to obtain the input power of
several Watts we have attached a 7 x 4 mm horn to the
input of the switch. Therefore the estimated power in
the real experiment is about 3.5 W. The maximum
length of the gyrotron’s pulse is 8 s; it was limited by
the power transmission line and cooling. No laser has
been used so the switch is always in the ground state.

Fig.2 displays the main characteristic of the switch in
the ground state when the switch is closed and the mi-
crowave power does not pass through, the insertion loss
before and after the gyrotron’s microwave pulse. We
can see that after the pulse the main resonance became
deeper, about -5.5 dB compared to about -4.7 dB before
the test. The resonance always vanishes if the semicon-
ductor plate is burned out. But now we can see quite a
contrary case. It can be explained the way the semicon-
ductor plate has not been burnt out under the 3.5 W 8 s
gyrotron pulse, it even got better since only the re-
mained dirt (occasional fingertips, organics and dust
from the air) has been burnt out.

15

i -]
’ \'l
m -2 —
©
o
%)
o
2 ]
S
@ —N
o o gyrotron
£ 4
-=-258GHz 3.5W 8s
1 (1]
"
| ]
-6 1 L L I
252 256 260 264 268

Frequency, GHz

Fig. 2. Insertion loss of the switch in the ground state, solid
line is before the gyrotron pulse, dashed line is after the pulse.

The switch has successfully passed the test and we
can conclude that the gyrotron’s radiation can be useful
for final cleaning of the switch.

CONCLUSION

The second-long pulses have been produced with the
switches intended for nanosecond-long pulses. So the
switches have demonstrated the pulse range of about 10
orders, from 800 ps to 8 s at 260 GHz. Using the
switches at the second-long pulse regimes is more im-
portant than just a scientific curiosity. It provides the
ability to overcome the shortage of low-precision
power measurement in sub-terahertz region by chang-
ing the problem to well-known low-cost commercial
laser measurements that are easily available in every
laser-equipped laboratory. We have predicted theoreti-
cally our switch is tough to withstand no less than 7 W
of microwave commutated power. And we have proven
it partially in the experiment with 3.5 W gyrotron. The
switch has not been damaged,; it’s even got better qual-
ity. So the gyrotron test should be included in the
switch production sequence further to improve quality.

The project is supported by the Russian Foundation
for Basic Research, Grant No. 15-08-03158.
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Active Josephson traveling wave antennae as prospective terahertz oscilla-
tors

V. V. Kurin, N. K. Vdovicheva, |. A. Shereshevskii
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A terahertz superconducting oscillators based
on large amount of Josephson junction embedded
in open system guiding traveling electromagnetic
wave is theoretically considered and computer
simulated. It is shown that such active Josephson
antennae represent oscillator effectively radiated
into open space with power scaled with the system
size and number of junctions. Dynamics and dir ec-
tivity patterns of such Josephson antennae depend-
ing on bias current is investigated and it is shown
that such oscillator with sufficiently large junction
amount can be competitive with quantum cascade
lasers.

It iswell known that the Josephson Effect can be used
for the generation of high-frequency electromagnetic
radiation. The frequency is limited only by the super-
conducting energy gap. For low-Tc superconductors
the frequency isin the sub-THz range and for high-Tc
superconductors it can be up to approximately
20 THz. But the emission power from a single Jo-
sephson junction is quite small. It can be considerably
enhanced provided coherent contribution of many,
N > 1, Josephson junctions to radiated el ectromag-
netic field.. For achieving a practically important mw
level of emission power very large arrays containing

N ~10* -10° Josephson junctions would be needed.

Taking into account the attainable integration density,
such arrays would have a typical size of L~1cm,
which is significantly larger than the wavelength A
even a sub-THz frequencies.
The larger the array is the more difficult is the syn-
chronization. This is caused by large phase delays
along the array. Recently, it was suggested [1] that the
synchronization of extremely large arrays can be me-
diated by a unidirectional traveling wave along the
array, qualitatively similar to the operation of a travel-
ing wave Beverage-type antenna[2].

In this work, we consider such large-size Josephson
systems and present their theoretical description and
computer simulation. We demonstrate that in some
classes of such systems, traveling-wave regimes are
possible, under which all Josephson junctions are un-
der identical electrodynamic conditions and make
coherent contributions to the radiation field. Such
systems, which will be called active Josephson travel-
ing wave antennas, are scalable, i.e, in the case of
optimal matching, the intensity of their radiation in-
creases in proportion to the sze of the system or the
number of the Josegphson junctions. An important
component, which ensures coherence of the contribu-
tions made by a great number of junctions, is the lat-
era energy leakage from the transmission line (verti-
cal radiation output), which prevents saturation of the
nonlinearity of individual junctions with narrow dy-
namic ranges. Such systems can be used as a basis for

16

Josephson oscillators producing power levels suffi-
cient for practical applications. A simple quditative
theory of open Josephson traveling-wave lines was
developed and conditions for existence and stability
of travelling wave regimes were found [1].

If there exists the traveling wave of current along Jo-
sephson array with wave number h it will radiate
electromagnetic wave to open space at an angle
a =sin"h/k, where k is the wave number of the
emitted wave in vacuum and a counted from normal
to substrate. For h/k <1 when current wave is faster

than speed of light in vacuum it is an ordinary trans-
verse electromagnetic wave, for homogeneous current
withh = 0the radiation will be directed strictly verti-
cal. But for h/k <lwhen current wave is slow the

angle a is imaginary and the traveling electromag-
netic wave turns to a surface plasmon traveling along
the interface of the wafer and radiated from the edge
of structure.

It should be noted that due to not perfect matching
conditions at edges of array the traveling wave would
not be pure traveling and some mixture of opposite
propagating wave will aways be presented. But
Standing Wave Ratio (SWR) should be final to pro-
vide the absence of AC field nodes so that all junc-
tions will be pumped by common field. Since the AC
current distribution and radiated field defined by co-
operative dynamics of Josephson junctions should be
found self consistently we undertook direct computer
simulations of such active Josephson antennae.

A numerical smulation code based on the Finite Dif-
ference Time Domain (FDTD) method and a self-
consistent solution of the nonlinear equations which
describe the Josephson junctions has been devel oped.
The results of simulation of some variants of Joseph-
son traveling-wave antennas with different radiation
patterns are presented.

An example chosen for the calculations is a Josephson
system similar to the two folded wire traveling-wave
antenna. The simulated Josephson system is a set of
thin perfect conductors, lumped linear e ements, such
as capacitors, inductances, resistors, and sources of
DC dectromotive forces, and nonlinear active de-
ments, Josephson junctions simulated by resistively
and capacitive shunted model. These eements are
located on the surface of a dielectric plate and interact
viathe electromagnetic field in the surrounding space.
Calculations start from an initia digtribution for Jo-
sephson phases and electric and magnetic fields on
the computational grid and continue until a stationary
state is reached. After that time average values of
voltages and currents in Josephson junctions and Fou-
rier amplitudes of the fields around the sample are



Fig. 1. Appearance and directivity pattern of two folded
Josephson active antenna with separate DC bias demonstrat-
ing oblique angle radiation due to junction synchronization
with fagt traveling current wave. Yelow circles denote Jo-
sephson junctions, bias battery, resistor and inductances,
serving for matching are denoted as usual.

obtained. The radiation pattern at a fixed frequency is
calculated using a standard near-to-far field transfor-
mation [3]. Full power of emission was calculated by
integration of the far field Pointing vector. Examples
of such systems representing an antenna containing a
set of straight and broken wires with different number
of Josephson junctions imbedded into together with
radiation patterns generated by them are shown on
Fig. 1-3. The pictures shown demonstrate various
regimes of radiation manifested itself by different
radiation patterns which strongly depend on geometry
of antennae and DC bias. When bias increases the
oscillation frequency defined by Josephson relation
hw=26eV aso increases, mode spectrum enriches
and directivity patterns became more complicated. As
it iscommon for oversized radiating system to control
generation regimes and directivity pattern some com-
plication of the system to provide working mode se-
lection is needed. Thiswork isnow underway.
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Fig. 2. The same Josephson active antenna as in Fig. 1 but
radiated aong the wafer due to synchronization with dow
current wave.
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e
Fig. 3. Appearance and directivity pattern of Josephson
active antenna consisting of two broken lines with common
DC bias. It | seen pronounced lobe corresponding to vertica
output of radiation due to junction synchronization with
homogeneous mode of substrate.

Dependence of power of radiation and behavior of
spectral properties of radiation on junction number,
current and voltage spectra on individua junctions
support suggested concept of array synchronization
by traveling wave.

Recently [4] Josephson emission from such larger-than-
the-wavelength Nb-NbSi-Nb junction arrays consisting
of order 10* junctions was investigated experimentally
and angular dependence of radiated energy was meas-
ured by small InSb semiconductor detector. The asym-
metry of radiation pattern that was found support the
suggested our concept of synchronization mediated by
traveling wave. We argue that such a mechanism of syn-
chronization opens a possibility for phase locking of
very large arrays of oscillators what opens a way to de-
vel op effective Josephson oscillator of Terahertz range.
The work was supported by the Russian Foundation
for Basic Research (Grants No. 18-02-00912), V. V.
K. would also like to acknowledge the partial support
of this research by the Russian Science Foundation
(Grant No. 15-12-10020).

References

1. V. V. Kurin, N.K.Vdovicheva, and I.A. Shereshevskii,
Josephson Traveling-Wave Antennas, Radiophysics and
Quantum Electronics, 59, 922, (2017)

2. C. A Balanis, in Antenna Theory: Analysis and De-
sign, 3rd ed. (Wiley Interscience, New Y ork, 2005), Chap.
10.

3. A. Taflove and S C. Hagness, in Computational
Electrodynamics: The Finite-Difference Time-Domain
Method, 3rd ed. (Artech House Inc., Boston and London,
2005), Chap. 8.

4. M. A. Galin, E. A Borodianskyi, V. V. Kurin, I. A.
Shereshevskiy, N. K. Vdovicheva, V. M. Krasnov, A. M.
Klushin, Synchronization of Large Josephson-Junction Ar-
rays by Traveling Electromagnetic Waves, Phys. Rev. Ap-
plied 9, 054032 (2018)



Generation of THz radiation by photoconductive antennas on based thin
films InGaAs and InGaAs/InAlAs.
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Epitaxial low-temperature grown (LT) semicon-
ductor arsenides (Al, Ga, In)As are widely used as
materials for photoconductive antennas (PCA) gen-
erators and detectors of pulsed radiation in the te-
rahertz (THz) frequency range [1-3]. It is the combi-
nation of subpicosecond carrier lifetime, relatively
high mobility and high resistivity that makes LT-
materials suitable for PCA applications. Lately, In-
GaAs has been investigated as a potential candidate
for THz-PCA photoconductive material due to room-
temperature band gap of 0.74 eV, which allows for
1.56 um optical excitation with Er3* fiber laser femto-
second pulses [4—6].

The low substrate temperatures result in a non-
stoichiometric growth with the incorporation of ex-
cess arsenic in the crystal structure. The most com-
mon non-stoichiometry-related point defects in LT-
arsenides are arsenic antisites with concentrations in
the range 10'7-10" cm™ depending on the substrate
temperature and arsenic overpressure [7—10]. Antisite-
related defect band in the semiconductor energy
bandgap play a significant role in carrier dynamics.
Fast non-radiative recombination of photogenerated
electrons and holes through antisite centers results in
sub-picosecond carrier lifetimes in LT-materials at
optimized growth and annealing conditions [11, 12].
It is generally agreed that main traps of photo-excited
electrons are ionized antisite defects [13—15].

A possible approach to increase the resistivity of
LT-InGaAs  structures is to employ LT-
InGaAs/InAlAs superlattices [6,13,16,17]. LT-InAlAs
layers have a higher dark resistivity as compared to
LT-InGaAs and exhibit deep trap states that
are situated energetically below the antisite defect
levels of adjacent InGaAs layers that results in a re-
duction of residual carrier concentration.

The Fig.1 shows the amplitude of THz radiation
in time domain. It is seen that the signal from an In-
GaAs /InAlAs-based structure is 5-6 times higher due
to a higher bias voltage, which is possible (without
sample breakdown) due to higher sample resistance
and lower dark current.

Fig.2 shows a comparison of the Fourier ampli-
tude according to the materials of the antennas LT-
InGaAs/InAlAs and LT-InGaAs. It is seen that the
spectrum of the LT-InGaAs / InAlAs sample is slight-
ly wider in the range from 0.1 THz to 0.6 THz than
that of the LT-InGaAs sample. We explain this effect
by the difference between the characteristic relaxation
times of electrons in the transition from the conduc-
tion band to the antisites.
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Fig.1. Time-domain waveforms detected for the following
antenna materials: A) LT-InGaAs B) LT-InGaAs/InAlAs.
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Fig. 2. Compare spectral amplitudes by antenna materials
LT-InGaAs(Blue line), LT-InGaAs/InAlAs (Red line).

We determined the characteristic times of electron
relaxation by the "pump-probe” spectroscopy method.
Fig.3 shows the dependence of the normalized trans-
mission in time domain for the samples of LT-InGaAs
and LT-InGaAs / InAlAs.We used 2-exponentional
model for description experimental curves. On figures
T is an electron capture time (capture by charge Asga
defects) [18,19], 1, is a recombination time of cap-
tured electrons and holes [17].
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Fig. 3 Change the transmission coefficient in the time do-
main.

Due to the experimental fact that the character-
istic relaxation times for the LT-InGaAs / InAlAs
sample are less than for the LT-InGaAs, we observed
the difference in the spectra for these samples.

Summing up, it was found that THz generation
is about 5-6 times more efficient in the case of LT-
InGaAs/InAlAs superlattice than LT-InGaAs genera-
tion. It is found that due to the shorter electron relaxa-
tion time in the superlattice, the spectrum of these
samples is wider in the range of 0.1-0.6 THz.

This study was performed under the support of
the RFBR grant Ne 16-02-258a.
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High Photoconductivity in Heavily Doped GaAs/AlAs Superlattices
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In last three decades, the electron transport in
semiconductor superlattices (SLs) has been studied in
detail [1, 2], mainly in connection with the predicted
amplification of Bloch waves, which can make it pos-
sible to create tunable sources of THz radiation. The
main hindrance to the Bloch wave amplification is the
formation of electrical domains owing to the static
negative differential conductivity (NDC) arising in
superlattices at resonant tunneling between confined
states in neighboring quantum wells. Many works
were devoted also to studies of domain properties
(see, e.g., [2] and references therein). Most of them
were performed with weakly doped SLs at low tem-
peratures under strong illumination [2-7]. The change
in free carrier concentration under illumination gives
rise to different domain regimes. It has been shown, in
particular, that transition from travelling to static do-
main regime occurs at sufficiently high illumination
intensity. In this work studies of effect of interband
illumination on tunneling current in highly doped
short-period superlattices at the domain formation are
presented.

We used the MBE grown GaAs/AlAs SLs con-
sisted of 100 periods of 4 nm GaAs/2 nm AlAs be-
tween heavily doped (~10"cm™) n™ cap layer and n*
substrate. GaAs quantum wells (QWs) were Si doped
with concentration of 2*10'7ecm™. A cross-section of
the structure is shown in Fig. 1.

—> 5

Fig. 1. Scheme of the structure: (1, 5) top and bottom metal
contacts, (2) top contact 1" layer, (3) superlattice, and (4)
heavily doped substrate.

Triangular voltage pulses with sweep-up times of 0.2
to 10 pus and sweep-down times up to 100 ps were
used to record I-V curves. Measurements were per-
formed at room temperature.

A sharp decrease of current at some threshold
voltage (Fig. 2) indicates the moving domain forma-
tion. The current rise in the mean is an evidence of
triangular form of the domain [2, 9]. The series of
maxima in current-voltage characteristics is attributed
to the optical phonon assisted tunneling between
quantum wells inside the triangular domain.
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Fig. 2. Current—voltage characteristics of the GaAs/AlAs SL
in the dark (lower curve) and under band-to-band illumina-
tion (upper curve).

A strong effect of rather weak illumination (with
a LED or a filament bulb) on a tunneling current in
GaAs/AlAs SLs with relatively high doping level was
found under conditions of electric domains formation.
Fig. 2 shows the current-voltage characteristics with
and without illumination. The photocurrent at the do-
main regime could reach 50% of the dark current,
while it was several orders of magnitude less at volt-
ages below the threshold one (before the domain for-
mation) as the free carrier concentration excited with
light was considerably less than Si donor concentra-
tion. The measured photocurrent spectrum (Fig. 3)
points to the band-to-band excitation. The spectral
long-wavelength cutoff allows us to determine the
GaAs QW gap and the energy of first size quantiza-
tion level. These energies coincide with known values
for GaAs QW.
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Fig. 3. Photocurrent spectrum



The large photocurrent at the domain formation is
referred to the triangular form of high-field domain
with wide region of donor depopulation. The free car-
rier concentration in this region is very small and ad-
ditional concentration of electron-hole pairs created
by interband illumination exceeds significantly a sta-
tionary concentration inside the domain, which results
in a change of space charge at domain boundaries.
This leads to a change of domain movement regime.
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Fig. 4. Parts of current—voltage characteristics of the
GaAs/AlAs SL in an intermediate range of domain exis-
tence at different light intensities.

The sufficiently intense illumination could initiate the
travelling-to-static domain transition, which becomes
apparent in current saturation regions in I-V curves
(Fig. 2). Shown in Fig. 4 are parts of current-voltage
characteristics corresponding to an intermediate volt-
age range of domain existence for different
illumination intensities. I-V curves were measured at
forward and backward bias sweep. The current hys-
teresis is connected with a large asymmetry of transi-
tion times from moving to static field domain and
back at voltage sweep-up and sweep-down, respec-
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tively [10]. In this voltage range (compare with Fig.
2), the current saturation was observed only at back-
ward voltage sweep.

The work was supported by RFBR grants 16-29-
03135 and 16-29-09626
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The state-of-art terahertz (THz) emitters and de-
tectors are of great interest due to its wide applica-
tions in security systems, biology, medicine and mate-
rial science [1-3]. Despite the variability of existing
THz generation principles photoconductive antenna
(PCA) is still promising THz emitter for broadband
THz spectroscopy and imaging. Since its first demon-
stration by Auston’s research on silicon substrate [4],
numerous studies have been carried out. Despite the
considerable progress in developing PCAs there are
still challenges such as increasing an emitted THz
power, an optical-to-THz conversion efficiency, a
bandwidth of a PCA and its thermal stability.

In present article, we present a novel technology
with a passivation approach for fabricating a dielec-
tric-filled plasmonic PCA that allows us for reaching
a 100 nm-height plasmonic gratings and strongly re-
duce leakage currents. In the proposed technology
two different dielectrics are separately used: a SisN,
for preliminary passivating a surface of a photocon-
ductor to reduce a dark current flow and Al,O; dielec-
tric for filling and covering plasmonic gratings to in-
crease an incident light coupling. This approach al-
lows for sustaining a thermal stability of a PCA and is
suitable for any photoconductive material, due to ex-
cluding a mesa etching, which is of particular im-
portance for InGaAs-based PCAs.

It is well known that all types of PCAs, especially
the log-periodic and log-spiral antennas, suffer from
high leakage currents, because a dark current flows
between the full length of the antenna bias lines which
is hundred times longer than the optical excitation
spot. In order to significantly decrease a dark current
flow we have developed a novel technology for a
PCA fabrication where an antenna metallization, in-
cluding contact pads, is deposited on a photoconduc-
tor’s surface preliminary covered (i.e. passivated)
with a dielectric through etched windows. The sche-
matic layout of the proposed PCA is depicted in
Fig. 1.

Prior to fabrication process we carried out numer-
ical calculations by means of a 2D finite element
method-based solver for analyzing the interaction
between a TM-polarized laser pump beam and plas-
monic gratings. The calculation domain consisted of
4 periods of plasmonic gratings (4x200 nm) with
width and distance between them equal to 100 nm,
deposited on 3-um GaAs substrate. First, we calculat-
ed an electric field near plasmonic gratings distribu-
tion versus a height (h) of metal gratings which
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showed that an increase of metal height leads to a
continuous enhancement of an electric field and its
maximum is shifted toward high values of h, which is
difficult to being experimentally achieved according
to chosen high aspect-ratio of gratings, which is de-
fined as the ratio between a width of a grating to its
period.
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Fig. 1. Schematic layout and operation principle of the pro-
posed dielectric-filled plasmonic THz emitter with
high-aspect ratio metal gratings. A lower dielectric SizNy4
layer is used for reducing leakage currents (to sustain a
thermal stability enhancement) while an upper Al,O3 die-
lectric serves for filling a distance between gratings and
covering them to increase an incident light confinement.
Also it acts as an anti-reflection coating layer

Thus we considered the case of h = 100 hm with
aspect-ratio equal to 0.5, that to our knowledge has
not been reached experimentally yet. Second, we es-
timated an optimum thickness of Al,O; dielectric lay-
er which entirely fills a distance between gratings to
enhance a light coupling and simultaneously mitigate
the Fresnel reflection losses for the case of
h =100 nm. We demonstrated that the dependency of
an incident laser pump reflection coefficient on Al,O;
thickness (d) has a minimum which corresponds to
180 nm thickness of Al,O;. Afterwards, when fabri-
cating the PCA, we used these parameters of the die-
lectric thickness and plasmonic gratings height, i.e.
d =180 nm and h = 100 nm, respectively.

Figure 2 shows scanning electron microscope
(SEM) image of the fabricated dielectric-filled plas-
monic PCA with log-spiral topology and a magnified
image of plasmonic gratings. Initially we passivated
GaAs photoconductor's surface by 230 nm SisN, die-
lectric, where the windows for 50/450 nm Ti/Au an-
tenna electrodes were etched. Therefore antenna elec-
trodes were deposited on a photoconductor's surface
only through the etched windows in SizN, while a
PCA’s gap remained passivated. Plasmonic gratings
were formed by electron-beam lithography with 18/75
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nm Ti/Au metallization followed by lift-off. The PCA
fabrication is partially described in Refs. [5,6].

10 um

Fig. 2. SEM image of the fabricated plasmonic PCA (a)
with a magnified image of plasmonic gratings (b)

The experimentally-measured current-voltage
characteristics without laser illumination (see Fig. 3)
demonstrated significant reduction of a dark current
when a surface of GaAs is passivated by SisN, in
comparison to a non-passivated one (more than three
orders of a magnitude) demonstrating that the selected
size of window in SisN,4 leads to strong decrease of a
dark current, keeping a transient photocurrent re-
mained.
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Fig. 3. Current-voltage characteristics without laser illumi-
nation measured for the proposed PCA when using SizNy4
dielectric (solid line) and without it (dashed line)

In order to demonstrate a performance of the pro-
posed PCA we examined it by means of THz time-
domain spectroscopy and compared to the traditional
one. The both PCAs were used as a THz emitter,
while compact all-fiber-based Toptica FemtoFErb780
laser was used as pump source with mean power up to
10 mW with a bias voltage equal to 30 V. As seen in
Fig. 4 the spectra shape remain unchanged for the
both PCAs, but the proposed PCA demonstrates
2000-100 times increase of the emitted THz power
depending on laser pump (not attached in this article).
Since PCAs are saturated at high laser pump due to
electric field screening, we additionally investigated
the emitted THz power versus laser pump in order to
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find out an optimum illumination regime. We showed
that the transient photocurrent for the proposed and
traditional PCAs is trending to converge at laser pump
close 10 mW, though at low pump energies the transi-
ent photocurrent generated by the proposed PCA is up
to 25 times higher than for the traditional one.

Plasmonic PCA —
Traditional PCA ----

2
Frequency, THz

Fig. 4. Radiated THz power in the frequency-domain for the
plasmonic and traditional PCAs based on SI-GaAs photo-
conductor

The work was supported by the Russian Scientific
Foundation (Project No0.18-79-10195) and RIEC
ICRP (grant H30/A04). The numerical simulation of
the PCA under consideration was supported by the
President’s grant of Russian Federation for young
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At present, there is much activity aimed for de-
velopment and application of different sources of rad-
iation with terahertz (THz) frequency range, which
are necessary for a variety of scientific and practical
applications such as spectroscopy, radioastronomy,
environmental monitoring, security and counter-
terrorism [1]. Powerful sources of THz radiation like
synchrotrons and free electron lasers (FELs) have
high cost and large size, which limits their use even
for scientific applications. Complicated solutions are
required to increase the frequency of the vacuum
sources such as a backward wave oscillator up to 1
THz and higher [2]. Semiconductor quantum cascade
lasers in THz range operate only at cryogenic temper-
atures [3-5]. Molecular lasers, although operating at
room temperature, are available only for a fixed set of
frequencies [6]. THz radiation sources based on fem-
tosecond lasers exhibit an extremely broad spectrum
(~1 THz wide), which is not always acceptable for
spectroscopy applications and have rather low output
power [7]. Currently, the media of choice for optical
rectification are LiNbO3 [8], ZnTe [9], GaP [10] crys-
tals. They all have fairly high losses in the THz range
and the conversion efficiency even for state-of-the-art
experiments is approaching 10° [8] and in typical
cases is an order of magnitude lower.

Alternative way to obtain intense THz radiation is
to "multiply" the frequency of incident radiation using
nonlinear susceptibility in semiconductors. This ap-
proach requires intense sources at the fundamental
frequency in sub-THz range, among which there were
mainly molecular lasers. However, recently a suffi-
cient progress has been made in the development of
sub-THz range gyrotrons. Continuous wave (cw) gy-
rotrons with frequencies of 460 GHz [11] and 527
GHz [12] have been demonstrated. IAP RAS recently
developed unique pulse solenoids with magnetic
fields up to 50 T that allowed implementing gyrotrons
on the first cyclotron harmonic with the output fre-
quency of up to 1.3 THz with pulse duration ~ 50 ps
[13]. On the basis of "dry" cryomagnet with magnetic
fields up to 10 T cw gyrotrons with frequencies 263
GHz [14] and 250 GHz were fabricated. A generator
with 889 GHz frequency (in a synchronism with the
third harmonic of the cyclotron frequency) was devel-
oped, as well as a pulsed generator with a frequency
of ~1THz and power of ~10 W at the second harmon-
ic of gyrofrequency [15]. These results were obtained
by using the unique cryomagnet with the magnetic
field of up to 20 T. In 2017, a double-beam gyrotron
at the second harmonic with frequency of 0.8 THz
was demonstrated [16].
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For such sources, frequency doubling is enough
to obtain frequencies above 1 THz, while previous
works focused on generating the third harmonic of
gyrotron radiation in n-type Ge and Si at much lower
frequencies [17, 18]. Third harmonic generation was
demonstrated in Ref. [17] with the effectiveness of
0.05% under gyrotron pumping with 70 GHz frequen-
cy, and in Ref. [18] under gyrotron pumping with 118
GHz frequency and 0.07% conversion efficiency. The
frequency tripling is possible in semiconductor mate-
rials due to the third order nonlinearity, which is pre-
dominantly electronic (third order nonlinearity due to
ionic motions is usually weaker) [19, 20]. The fre-
quency doubling is possible in crystals lacking the
inversion centre. In this work we consider the pros-
pects of several A3B5 semiconductors for frequency
doubling due to the second order susceptibility of the
crystal lattice. It should be noted that nonlinear optical
properties of A3B5 materials have been quite poorly
studied in far infrared region where the frequency
dispersion of second order nonlinear coefficient is
substantial [21 - 24]. Second-order susceptibility and
corresponding frequency doubling were investigated
mainly in GaAs, using CHsF laser [21] and free elec-
tron laser [22] as the radiation sources in the spectral
ranges of 0.6 - 1.7 THz and 4 -- 6 THz, respectively.
However, second order nonlinearity in GaAs is rather
weak as can be seen from table:

Table. Second-order susceptibility of several A3B5
semiconductors

Semiconductor | Second-order susceptibility, x [21, 25]
GaAs 57 -10° cm/V

GaP 18 .10 cm/V

GaSh 150 10 cm/V

InP 345 10" cm/V

InAs 155 - 10 cm/V

CdTe 100 - 100 cm/V [26]

The intensity of the second harmonic I,, can be
calculated [27] as (c -- light velocity, n(v) -- refractive
index at the frequency v, An = n(v) - n(2v))

jZ

Thus, the output intensity is proportional to the
square of intensity at the fundamental frequency I,
susceptibility x, fundamental frequency v and sample
length L. As can been seen from the Table, the sus-
ceptibility in InP is 6 times higher than in GaAs, al-
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lowing sufficient enhancement of the second harmon-
ic intensity. Note that maximum crystal length can be
limited by refractive index dispersion and the optical
losses. Typical frequencies of the lattice vibrations of
optical transitions related to impurity absorption are
considerably higher than 1 THz in semiconductors
under consideration [25]. Therefore, the losses are
mainly due to free carriers, density of which can be
made negligibly low in state-of-the-art InP, reducing
the absorption coefficient in the 200 -- 800 GHz re-
gion down to less than 1 cm™ [28]. The refractive
index change with frequency in the same range is ex-
tremely small An~0.002 [28]. Thus, the crystal of
several cm length can be used for frequency doubling.
Fig. 1 gives the comparison of estimated output power
of the second harmonic for GaAs and InP with L =
5 cm and fundamental radiation power of 50 kW/cm?.
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Fig. 1. The estimated second harmonic intensity vs. funda-
mental frequency for 5 cm long GaAs and InP crystals un-
der fundamental radiation power of 50 kW/cm?. Data on the
refractive index for InP and GaAs is taken from Ref [28]
and Ref [25], respectively

As can be seen, InP crystal is expected to provide
about two-order enhancement over GaAs, studied in
previous works [21-23]. We conclude that employing
high-resistivity InP crystals is a promising route to
obtain THz radiation by doubling the frequency of
intense gyrotron radiation. The work was supported
by Russian Science Foundation grant #18-79-10112.
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In recent two decades semiconductor heterostruc-
tures emerged as a very promising basis for the devel-
opment of various types of devices in a microwave
frequency range. In the present work we discuss mo-
lecular beam epitaxial (MBE) growth of wide mini-
band superlattice (SL), heterostructure barrier varactor
(HBV) and high electron mobility transistor (HEMT)
structures, their characterization and application of
these heterostructures for generators, detectors and
frequency multipliers operating in the sub-THz and
THz frequency range.

Superlattices.

The superlattice structures were grown by solid
source molecular beam epitaxy using a Riber 32 ma-
chine. GaAs based structures were grown on GaAs
substrates, consisted of several tens of periods of
GaAs wells (3 - 4 nm thick) and AlAs barriers ( about
1 nm thick) doped with silicon (10" - 10'® cm). The
superlattice was embedded between graded layers of
gradual composition and doping level to avoid abrupt
heterojunctions. A n* GaAs or GaAs/InGaAs cap lay-
er was provided for the formation of ohmic contacts.
InP based SL structures were grown lattice matched
to InP substrates and consisted of several tens of peri-
ods of Ings3Gaps7As wells (about 4 nm thick) and
Ings2Gag4sAs barriers (about 1.2 nm thick) doped
with silicon (10Y7 - 10'® cm). The superlattice was
embedded between graded layers of gradual composi-
tion and doping level to avoid abrupt heterojunctions.
InGaAs cap layer was provided for the formation of
ohmic contacts. Mesa diodes (Fig. 1) with area of
about 60 and 10000 um? were formed using Au-Ge—
Ni composition [1].

Au
n*-InGaAs
n*-GaAs

superlattice — =3

n*-GaAs

Changing the widths of the well and barrier layers
the lowest SL miniband width could be varied from
about 20 up to 160 meV. These doped wide miniband
superlattices exhibit negative differential conductance
(NDC), Fig. 2, which is a consequence of Bragg re-
flection of miniband electrons accelerated by an elec-
tric field.

The negative differential mobility of a superlat-
tice can give rise to travelling dipole domains and a
self-sustained current oscillation at the transit fre-

guency, which is the ratio of the domain velocity and
the superlattice length. The fundamental oscillation
frequency increased with the increase in the miniband
width due to the increase of peak drift velocity [2].
The oscillation frequency can be controlled by chang-
ing the bias voltage applied to the diode. In compari-
son to a GaAs/AlAs superlattice, an InGaAs/InAlAs
superlattice with the same quantum well and barrier
thickness has the advantage of a larger miniband and,
therefore, of a higher drift velocity due to the lower
effective electron masses of the constituent materials
and a lower barrier height. The highest fundamental
frequency of an InGaAs/InAlAs superlattice oscillator
is shown on Fig. 3. The power was ~80 mW corre-
sponding to a conversion efficiency from DC to high-
frequency power of 0.6% [3].

(X}

I, mA

uv
Fig. 2. Current-voltage characteristic of SL diode
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Fig. 3. Spectrum of millimetre wave emission from In-
GaAs/InAlAs superlattice device.

Strongly nonlinear U-V characteristic in the NDC
region allows the use of the doped wide miniband
superlattice device as a frequency multiplier in the
microwave emission range, Fig. 4. The input frequen-
cy F = 150 GHz. Maximum harmonic number is n =
54, maximum harmonic frequency is 8.1 THz. Most
part of radiation power of the frequency multiplier is
concentrated in first 10 harmonics between 0.4 and
1.5 THz [4].

It was found that THz radiation affects Bloch os-
cillating miniband electrons. The direct current
through a superlattice is reduced by a THz field and



resonant structures in the current—voltage characteris-
tic occur when the Bloch frequency is in resonance
14}
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Fig. 4. GaAs/AlAs SL frequency multiplier harmonics
intensity in the 0.4 — 4.1 THz range.
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with the THz field or with its harmonics. In compari-
son to a GaAs/AlAs superlattice detector, the In-
GaAs/InAlAs superlattice detector has a responsivity,
which is higher by an order of magnitude. The higher
responsivity is caused by a higher current density due
to a larger miniband of the InGaAs/InAlAs superlat-
tice [5].

Heterostructure barrier varactors.

Heterostructure barrier varactor (HBV), Fig. 5, fre-
quency multipliers demonstrate very promising results
for applications in sub-THz and THz range. The best
results for HBV multipliers have been achieved using
MBE-grown heterostructures on InP substrates with
several Ings2Alo.48AS/ALAS/INg 52Al0.48AS barrier layers
in the Ings3Gaog47As matrix. We have found that leak-
age current strongly decreases with the increase in the
AlAs insertion thickness due to the reduction in the
electron tunneling probability. Strain compensation
InGaAs layers also decrease the leakage current at the
same AlAs thickness. This may be attributed to the
positive effect of the decrease in the overall amount of
strain in the structure and better structure quality. Fre-
quency tripler was fabricated using 6 mesa,18 barrier
HBV diode, with a cross section area of 7x150 pum?.
Under CW operation at 94 GHz output frequency the
maximal output power exceeds 100 mW at the con-
version efficiency of about 14%. The estimated value
of HBV cut-off frequency exceeds 1.2 THz [6].

w+b

0 b
Fig. 5. HVB conduction band diagram at applied bias volt-
age.

HEMTs.

Nonlinear properties of the plasmonic excita-
tions in a two-dimensional electron channel of HEMT
can be used for detection of terahertz (THz) radiation.
The plasmonic FET THz detectors are promising be-
cause they can operate in a broad THz frequency
range at ambient temperature and exhibit a good bal-
ance between the responsivity and noise figure of
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merit. Along with the plasmonic nonlinearity, the
asymmetry of the boundary conditions at the source
and drain ends of the HEMT electron channel is man-
datory for enabling a non-zero detection response. We
fabricated a tight concatenation of four HEMT s con-
nected in series on a single chip. It is shown that such
HEMT chain exhibits strong THz photovoltaic re-
sponse due to asymmetric form of the T-gate in each
HEMT in the chain. We obtained the voltage respon-
sivity above 1 kV/W in the unbiased mode of the de-
tector operation [7].
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Introduction

Two-dimensional distributed feedback (2D DF)
was originally proposed [1] for obtaining super-power
coherent radiation in relativistic masers based on spa-
tially-extended electron beams. In this case, the 2D
DF mechanism is realized in a 2D-periodic metallic
Bragg structures with doubly periodic corrugation,
which due to the arising in them of the transverse
wave-flaxes allow synchronization of radiation of
wide electron beams and the establishment of a sin-
gle-mode oscillation regime when their transverse
dimensions are in orders of magnitude greater than
the radiation wavelength. To date, the operability of
the new feedback mechanism has been experimentally
demonstrated in the FEMs, which were elaborated in
the millimeter wavelength range (from Ka- up to W-
bands) under a record transverse size of the interac-
tion space, reaching up to 50 wavelengths, and the
output power level of ~ 50 - 100 MW [2, 3].

At the same time, high potential of the new feed-
back mechanism is not exhausted by microwave rela-
tivistic generators. In this aspect it should be noted
that currently a 1D feedback mechanism, which is
realized in "traditional™ single-periodical Bragg struc-
tures based on the coupling and mutual scattering of
two counter-propagating waves, is widely used in
quantum DF lasers [4,5]. However, the transverse
sizes of such generators in the conditions of maintain-
ing single-mode narrow-band oscillation are limited
by several wavelengths, and further enhance of di-
mensions leads to a complication of the radiation
spectrum and, thus, loss of its spatial coherence. One
of the attractive ways to solve this problem in
heterolasers is the use of novel 2D feedback mecha-
nism (Fig. 1), which in this case can be realized in 2D
Bragg structures of planar geometry with double-
periodical modulation of the effective refractive index
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Fig. 1. Scheme of heterolaser based on 2D Bragg structure.
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of the dielectric waveguide. According to the theoreti-
cal analysis carried out in [6], the use of these struc-
tures makes it possible to synchronize the radiation
from the active medium characterized by large Fres-
nel parameters in both transverse directions.

The paper presents results of theoretical analysis
and computer simulations of the electrodynamic
properties of dielectric 2D Bragg structures of planar
geometry. "Cold" tests of prototypes of the structures
were carried out in the W-band and demonstrated
good coincidence with the design parameters. Possi-
bility to advance structures of this type in the sub-mm
ranges is discussed.

Results of simulations and “cold” tests in W-band

One of the main issues of the study was the anal-
ysis of acceptable technologies for the manufacture of
planar dielectric Bragg structures. For operation at
mm wavelengths, the technology based on the 3D
computer printing, which characterized by a high
speed of production and affordable cost of the models,
was developed.

An important aspect for the discussed technology
is the study of dielectric properties of plastics used for
printing (which are practically not available in the
standard descriptions and strongly depend on the
quality and printing characteristics). Complex dielec-
tric permittivities of different plastics were tested us-
ing a network analyzer in the Ka- and W-bands by
measuring the reflection and transmission coefficients
through a standard waveguide having the inserts from
these dielectrics. The values of dielectric permittivity
(complex and imaginary parts) were found by com-
paring the measured characteristics with the calculat-
ed ones (using iterative procedure). As a result of the
experiments were selected plastics, the most suitable
for the manufacture of the structures. Measured value
of the dielectric constant was Ree=24 and

tan 6 = 0.0015. At the same time, the experiments did
not identify strong frequency dependences of these
coefficients in tested bands.

Simulations of planar dielectric 2D Bragg struc-
tures were performed using the commercial code CST
"Microwave Studio”. Parameters for the simulations
were chosen similar to the conditions of the experi-
ments described below. Results of simulations of the
frequency dependences of the integral scattering coef-
ficients on the 2D structure (reflection, transmission,
and transverse scattering coefficients) are presented in
Fig. 2. It is showed good agreement with the results of
previous theoretical analysis carried out in [6]. In the
designed region of parameters the effective Bragg



scattering zone corresponding to the coupling of the
four partial wave-flaxes, which possess the structure
of the TM-wave of the dielectric waveguide propagat-
ing over the corrugated surface, was verified.

Experimental study of 2D Bragg dielectric struc-
tures was conducted in the W-band. The thickness of
the dielectric waveguide was 2 mm, the so-called
“chessboard” corrugation was made on this wave-
guide with a period along each (x and z) directions
dx=d, =4 mm and a depth of 0.5 mm (Fig. 3). The
transverse dimensions of the structure were
18 cm x 18 cm, the structure (dielectric waveguide)
was placed on a substrate of duralumin.

A network analyzer P2-67 was used as the RF
signal source. To form incident wave-beam (and re-
ceiving scattered radiation), the planar quasi-optical
transmission line, which provides at its output a wide
wave-beam with the structure of TEM-wave and
plane phase, was exploited (Fig.3). The results of
“cold” measurements of the reflection and transmis-
sion coefficients on the structure described above are
shown in Fig. 4. In accordance with the calculations,
an effective Bragg scattering zone was observed in the
vicinity of 60 GHz. Comparison Fig. 2 and 4 demon-
strates good agreement between the simulations and
“cold” tests results both on the position and width of
the Bragg zone as well as on the amplitude of the in-
tegral scattering coefficients.

Summary and discussions

Thus, theoretical and experimental studies have
confirmed the feasibility and operability of the 2D
dielectric Bragg structures in the mm wavelength
band. The available technology of manufacturing
structures of this type using the 3D printing was de-
veloped. The good coincidence of the electrodynamic
properties of the 2D structures measured in “cold”
tests with the results of computer simulations based
on commercial code CST “Microwave Studio” was
demonstrated. The experimental studies have con-
firmed that the dielectric properties of plastics utilized
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Fig. 2. Results of CST - simulations of dielectric 2D Bragg
structure having parameters close to experimental prototype.
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(middle) and transverse scattering (bottom) coefficients.
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Fig. 3. Scheme of the “cold” tests: 1 - standard single-mode
waveguides powered by the network analyzer, 2 - planar
quasi-optical transmission lines, 3 - incident and transmitted
wave-beams, 4 - dielectric 2D Bragg structure.
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Fig. 4. Results of “cold” measurements of frequency de-
pendencies of the reflection (top) and transmission (bottom)

coefficients of dielectric 2D Bragg structure in the W-band.

in the proposed technology are adequate for manufac-
turing models of dielectric 2D structures with the ac-
curacy acceptable for operation up to a short-wave
part of the mm wavelength band. The further devel-
opment of the 2D Bragg structures of the discussed
type should be directed to advance into the sub-mm
range when using the industrial 3D printers and the
polymer photo printing technology, the claimed accu-
racy of which currently reachesup to 1 um.
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