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In Situ Hilbert-Transform Spectral Analysis of
Pulsed Terahertz Radiation of Quantum Cascade

Lasers by High-7. Josephson Junctions

Oleg Volkov, Valery Pavlovskiy, Irina Gundareva, Rustam Khabibullin, and Yuriy Divin

Abstrace—We  have studied the applicability of high-T.
Josephson junctions (1Js) and Hilbert-transform spectral analysis
(HTSA) for characterization of pulsed terahertz (THz) radiation.
We have reconsidered the extension of HTSA into the THz range,
including an impact of such emerging factors as nonequilibriom
voltage fluctuations and de Joule heating in high-T LIs, and found
an unexpected weak temperature dependence of Josephson
linewidth & and a spectral dependence &7} with a minimum. Due
to this analysis, we have chosen YBa:CusOv. bicrystal JJs for
experimental study. The LIs have analvzed pulsed THz radiation
from gquantum cascade lasers ((PCLs) located in the same
ervogenic environment at 50 K. The spectra recovered by the J.J
with K. = 43 £ consist of a line with a central frequency around
2.2 THz, which have a symmetrical form and the linewidth of 90
GHz close to the intrinsic Josephson linewidth of this JJ. The
spectra measured by the JJ with K-= 7 £2 and the intrinsic
Josephson linewidth of 16 GHz consist of several lines at the
frequencies fi around 2.2 THz, which are due to the excitation of
different resonant modes in the active volume of the QCL. The
difference between the fitted central frequencies fz- fi of the strong
lines and the ratio of their intensities are in agreement with the
spectrum of the same QCL measured by Fourier spectroscopy.
The developed technigue paves the way for detailed and rapid
characterization of pulsed THz sources in the frequency domain,

Index  Terms—Josephson  junctions,  hizgh-temperature
superconductors, gquantum cascade lasers, spectral analysis,
terahertz radiation.

[. INTRODUCTION

BRIDG]NG the terahertz (THz) gap in the electromagnetic
spectrum is achieved by extending the frequency ranges of
microwave elecironics and infrared photonics [1]. Quantum
cascade lasers (QCLs) based on InP or GaAs helerostructures
deliver very intense radiation in the infrared range [2]. Afier
redesigning these heterostructures to lower spacing between the
energy levels, the QCLs demonstrate operation in the frequency
range from 1.2 to 5.4 THz [2], [3]. The operating temperatures
of continuous-wave (CW) THz QCLs are less than 130 K.
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Meanwhile, the operation of THz (QCLs in pulsed mode allows
ong to increase the operating temperature up to 210 K [4] and
use thermoelectric coolers [4], [5] to widen applications of
these radiation sources,

As a rule, Fourier spectroscopy with a Michelson optical
interferometer and a low-speed semiconductor detector is the
only technigue for characterization of the output radiation of
pulsed THz QULs and other radiation sources. This technique
is slow due to the mechanical moving of a mirror 1o get a
required difference dx of the beam paths in the interferometer.
The maximum path difference fxpe, determines the frequency
resolution &= ¢/28v., of this technigque [6].

Heterostructures emit THz radiation in many spatial modes
simultaneously with a large spread in directivity. In particular,
THz QCLs with double-metal waveguides show highly
divergent beams with multiple lobes in the far-field distribution
[7]. The angular-resolved spectroscopy shows radiation from
the Thu group of the longitudinal modes in the perpendicular
direction to the QCL facet and Thy modes at £ 257 to the
normal [8]. Fourler spectroscopy  cannot  simultancously
characterize all these modes because an increase in solid angles
of the radiation entering the interferometer leads to the angular-
dependent frequency errors (see [6], page 48). Also, significant
distortions  appear in  the harmonic spectra of THz
heterostructures due to various phase shifts of the frequency
components of the radiation [%).

Given these circumstances, the dynamies, accuracy, and
completeness of spectral characterization of any pulsed THz
radiation source with Fourier spectroscopy spectral analysis
appear to be limited. It looks challenging to find a spectroscopic
technique based only on electronic devices and operating in the
frequency domain, but not in the phase domain. The proximity
of a spectrum analyzer to a radiation source under study may be
an added advantage because of higher chances to characterize
divergent radiation modes of higher orders. In the case of the

of Sciences, 125009 Moscow, Russia. She is now with the Peter Griinberg
Institute  (PGI-9),  Forschungssentrum Jilich, 52425 Jalich, Germamy
(LGundarevaim fz-juclich.de).

R, Khabibullin is with the Mokerov Institute of Ulira High Frequency
Seimeonductor Electronics, Russian Academy of Sciences, 117105 Moscow,
Russia {e-mail: khabibullinizisveh.u).

Y. Divin is with the Kotelnikov Institute of Radio Engineering amd
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measurements with remote Fourier spectrometers, diffraction
will additionally weaken these radiation modes.,

It looks challenging to find a spectroscopic technique, which
is based only on electronic devices operating in the frequency
domain, but not in the phase domain. The proximity of a
spectrum analyzer o a radiation source under study may be an
added advantage because of higher chances to characterize
divergent radiation modes of higher orders. These possibilities
might come from the application of the ac Josephson effect
[10], and the technique of Hilbert-transform spectral analysis
(HTSA) [11] might be the best choice, Extension of HTSA into
the THz range is possible with the implementation of high-
T Josephson junctions,

In recent years, several applications of high-T. Josephson
frequency-selective detectors for characterization of THz
radiation have been demonstrated [12-17]. Among them are the
following: measurements of radiation spectra of various CW
polychromatic THz sources [12]0 [13], [16]): CW broadband
radiation  from  quasiparticle-injected  nonequilibrium
superconductor [14]; pulsed broadband THz radiation from
relativistic electron bunches [15]; and detection of broadband
radiation  from  photoconductive  antennas  excited by
femtosecond optical pulses [17]. Emission of 500GHz-
radiation from a Bi:Sr:CaCuyOy intrinsic Josephson junction
has induced multiple Shapiro steps on the [~} curves of
Y Ba:CusO7 grain-boundary junctions [18].

The frequency-selective high-T. Josephson detectors have
been characterized in the THz range, using CW optically
pumped zas lasers [19], [20]. The operating frequencies and
temperatures of such detectors have broad overlapping regions
with similar QCL characteristics. The high-T, lls at 10 K
demonstrate the highest Josephson frequency of 5.2 THz [20].
These circumstances might be useful for spectral
characterization of QUL radiation in the frequency domain
when a high-T; Josephson detector performs spectral analysis
in the proximity of the QCL in the same cryogenic
environment. In this paper, we present the results of our attempt
to characterize pulsed THz QCLs in sitn using HTSA with high-
T 1ls.

II. THEORY

A, Fundamentals of HTSA

The fundamentals of HTSA [11] have been slightly corrected
recently [12] and are presented here inoa revised form. Briefly,
an integral relationship between the detector response AN of
the Josephson junction to external radiation as a function of the
Josephson frequency ff and the spectrum S/} of the incident
radiation is the basis of the HTSA operation. To recover the
spectrum S{/) uniquely, one should apply the inverse Hilbert
transform to the measured response AN in the following way

[11],[12):

st~ ()P 2T M

where
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H(f;) = a1l - (2)

is the normalized response function, which consists of the
product of Josephson frequency ff = Zel’h, where 1V is the de
voltage across the junction, the current response AN 1), and the
de fol V) curve as the functions of f divided by the square of the
characteristic Josephson frequency .

When compared with Fourier spectroscopy, Hilbert-
transform spectral analysis operates only with a nanoelectronic
device, a Josephson junction, and, in principle, is perspective
for high-speed measurements. Operation in the frequency
domain is among the main distinctive features of HTSA.,
Besides, due to the principle difference between Fourier and
Hilbert transforms, the HTSA is more effective in detecting
weak narrowband signals from strong broadband backgrounds
than Fourier spectroscopy. More about applications of the
HTSA based on high-T. Josephson junctions to characterization
of CW radiation sources with frequencies up to 2.5 THz can be
found elsewhere [12].

Application of the HTSA to pulsed radiation is also possible,
but thus far only at the sub-THz frequencies [21]. Very low, of
the order of | ps, characteristic time constants, and extended
dynamic power ranges of high-T. Josephson junctions as
radiation  detectors have a decisive role in  such
applications. The dynamic power range D= Py/NEP is the ratio
of the maximum power value Py, where the detector response
deviates from the linear dependence by less than 1 dB, and the
value of Noise Equivalent Power (NEP) in W/Hz'? calculated
for the output detector bandwidth & of | Hz.

High-T.  frequency-selective  Josephson detectors
demonstrate the D8 -values of more than 107 at the junction
temperature of 80 K [22]. Previously, to characterize CW
radiation sources with HTSA [12], we used narrow bandwidths
#of(1+100) Hz, and an extended dynamic power range of four-
five orders was available, allowing for high signal/noise ratios
in the response measurements. In the THz measurcments of
lps-pulses, a Josephson detector needs the post-detection
bandwidth B = | MHz. Therefore, the dynamic power range of
the detector, together with the maximally available signal/noise
ratio, decreases 1o = 10°, This circumstance complicates the
characterization of the THz radiation with HTSA and requires
additional noise reduction procedures of the measured signals.
Among the various tested technigues, we have chosen the FFT
low-pass filtering for this purpose.

B Spectral resolution and spectral range

Voltage fluctuations result in the frequency modulation of
the Josephson oscillations and corresponding broadening of
their linewidths &/, This effect imposes a fundamental limitation
on the spectral resolution of Josephson frequency-selective
detectors and HTSA. In the case of wideband fluctuations with
the cutoft frequency fue == &/, the spectrum of Josephson
oscillations near the fundamental frequency ff has a Lorentzian
ling shape, while the shape is Gaussian in the case of low-
frequency  fluctuations  with  fue =< & [23]. Thermal
fluctuations of currents with the spectral density Sy = 28T/R,,
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results in the following Josephson linewidth &7

Z r]
5f = = (%) s,(0) = 81, (1 +%) 3)
where 5.0} = (dFAN? [S40) + SAOLA2F)) 15 the spectral
density of voltage fluctuations in 11 including a down-
conversion term SALY2F), dVIAT = R+ £ s the
differential resistance of I and &f, = 4m(2e/hV kTR, is the
Josephson linewidth in an ideal case at large ff == [, but without
additional noise contributions [23]. Here, in the brackets of (3),
one can see a combined effect of rising differential resistance
dVAdl = R + 5" and increasing contribution of the
down-conversion term S;{/)(/.2/27) to the enhancement of the
linewidth with the decrease of the frequency fi< f.

When the Josephson frequencies f=2eF'h are in the THz
range, the energy el corresponds to a few millielectronvolts
and 1s larger than the thermal energy &7 for junction
temperatures  below of few tens of K. In this case,
nonequilibrium fluctuations are of importance, and the energy
eli2 should substitute the thermal energy &7 in the Nyquist
formula for the spectral density 5.1 of voltage fluctuations in
Josephson  junctions  [24]. Combining the effects of
nonequilibrivm current fluctuations, nonlinear /-1 curve of J)
in RSJ model with the differential resistance d¥/d/ = R, and
down-conversion process of the fluctuations at Josephson
frequencics to zero frequency, we get the following estimate of
Josephson linewidth &/ as a function of Josephson frequency f

8f = 5;;.(1 +%);‘—;m:h (4), )

where fr=4&T7 is the crossover Josephson frequency between

Linewidth & (GHz)
5 3

]
=}

L B R S | T T LA B B B B |

1 10
Josephson frequency fj {THz)

Fig. 1. Josephson limewidith & as the function of Josephson frequency f for
typical [001]-ult ¥YBayCuyDy, bicrystal junctions at the temperature of 5K
(dashed line) and 50 K (solid ling) according to Eq. {4). The spectral ranges of
each Gfif)-dependences are up 1o the maximum frequencies f, determined by
Joule heating in the junctions with various resistances K. A thick steaight line
below shows the total spectral range of C(CLs.

the cases of thermal and nonequilibrium broadening of the
linewidth in JJs, These two main parameters, [, and fr, in (4)
control the shape of the spectral dependence of Josephson
linewidth &) As follows from the analysis of (4), the
dependence &f va. f has a minimum at Josephson frequency fiu
=1 -E_.ill.—“ rnﬁljl.d-_

Fig. 1 shows the Josephson linewidths & vs. Josephson
frequencies j; calculated from (4) for [001]-tilted Y Ba,CuoiOyy
bicrystal junctions with the crossover frequencies fr of (.42
THz (T= 35 K, dashed lines) and 4.2 THz (7= 30 K, solid lines).
We have used the typical average values of the characteristic
voltages LR, of 28 mV (o= 1.4 THz) at 5 K and 1.2 mV (/. =
0.6 THz) at 30 K for these JJs with the normal-state resistances
Ry from 0.3 €2 to 30 £2. The 64 f)-dependence for 1T at 5 K with
R, =30 01 (a dashed line) is presented in the full spectral range
of (14 + 20) THz. At low frequencies, it goes down with the
increase of the frequency £, reaches the minimum at f; =1.72
THz, and then increases.

Similar behavior one can see for the same JJ with R, = 30 0)
at 50 K (a solid line), but with the minimum at a higher
frequency f; = 2.32 THz In spite of the ten-fold decrease of the
temperatures of 17 from 50K to § K, the minimum value of
Josephson linewidth &f decreases only slightly, from 75 GHz to
51 GHz. A similar situation is i Fig.l for all IJs with
resistances B, from 0.3 to 30 €2, This finding shows that the
decrease of the temperatures of the typical YBa:CuiOsy
bicrystal lJs has a rather moderate effect on Josephson
linewidth, More than a two-fold increase in the characteristic
Josephson frequency f47) and a ten-fold decrease of the
crossover frequency fr practically compensate the ten-Told
decrease of & in Eq.(4).

The plotted curves &) are inside the spectral ranges of the
ac Josephson effect in the typical Y BayCusO-., bicrystal Js at
given values of temperatures and resistances. At the high-
frequency end of the Josephson spectrum, Joule heating of 1s
with the dc power P = (fi2e)R, may be comparable with
some critical value P, and intensities of Josephson oscillations
may show an exponential decrease ~ exp(FP/Fa) for higher f
[25]. We use the Pr-values of 12,5 pW for junction temperature
of 50K and 28 pW for 7= 5 K. which we get from the measured
THz responses of [001]-tilt Y BayCusO4., bierystal junetions
[19].

We caleulate the maximum frequencies f, in each eurve of
Fig. 1 using the following criterion (hf.2eV/R.= 2Py This
approach gives a very good fit to the values of /i, for high-T. 115
obtained from CW THz measurements [12], [19], and [26]. For
example, the 11 with 8, = 0.37 {2 at T= 62 K demonstrated the
Josephson linewidth 8/ of 1 GHz at the maximum frequency of
.48 THz [12], while the 1] with B, of 7 02 at 35 K showed &f
of 25 GHz up to 4.25 THz [26].

A set of dependencies &) for various temperatures and
resistances (Fig. 1) helps us to choose the proper 1] for HTSA
with the required spectral resolution and spectral range. In this
work, we plan to use [001]-tili ¥ Ba:CuaOs., bicrystal junctions
for speciral characierization of the QCLs, which operate in the
range from 1.2 o 5.4 THz (shown in Fig. 1 by a thick straight
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" GaAs/AlGaAs

(100) GaAs

Fig, 2. Upper pancl: 97=135 pm’ SEM image of QUL with an active arca of
10100 pm?, Lower pancl: 145<520pm’ optical image of Au log-periodic
sinuous antenna with Josephson junetion in the apex. Inset: 3553 5um? optical
mmage of ¥ BaCuOh, (YBCO) Josephson junction with a bicrystal boamdary
im the 21137 (1 10) MdCald, substrate shown by a dashed line.

ling). Then, according to Fig. 1, we may choose the JJ with the
Re-values in the range of (5 + 10) £2 and expect the minimum
spectral resolution of around (13 + 25y GHz at T'= 50 K.

ITI. EXPERIMENT

A, Se-up

We have used THz QCLs with an active region based on four
tunnel-coupled guantum wells GaAs/Alp :GapssAs with a
resonant-phonen  depopulation scheme  [27]. The QCL
heterostructure consisting of 222 periods  are grown by
molecular beam  epitaxy on semi-insulating (100} GaAs
substrates under arsenic-stabilized conditions. Fig. 2 (an upper
panel) shows the SEM cross-section of one of the QCLs under
study. The active GaAs/Aly:GaggsAs area of the QCL has a
width of 100 pm and a height of 10 pm. We use conventional
processing [28] for the fabrication of a double Au—Au metal
waveguide with the length of 2.5 mm.

To fabricate high-T. Josephson junctions, we use epitaxial
growth of (001) YBaxCu:Oq.. thin films on (110} NdGaOs
bicrystal substrates [29]. The inset in the lower panel of Fig. 2
shows an optical plane-view image of YBa:CuwO-, (YBCO)
thin-film electrodes and a | Spm-wide YBCO bridze crossing
a bicrystal boundary on the 2x11.3% (110} NdGaOs substrate.
An integrated Au log-periodic sinuous antenna improves the
electromagnetic coupling of these Ils with THz radiation. The
lower panel of Fig. 2 shows a corresponding optical image of
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Fig. 3. Experimental sctup with a quantum cascade laser ((QCL) as a pulsed
THz source and a high-T,. Josephson junction (JJ) as a detector in a liguid
helium/higuid mitrogen (LHe/LMN) eryostat,

the antenna in reflected light. In this work, Josephson junctions
with the resistances R, from 7 1o 43 Ohms, and characteristic
voltages LR, (50 K) = 1 mV are under study.

Fig. 3 shows a diagram of the experimental set-up. We mount
a (JCL on an oxygen-free-copper holder using an indium foil
and attach a hyperhemispherical sapphire lens to the emitting
facet of the QCL. The QCL holder is on a cold plate of a cryostat
HDL-5 [30] filled with liquid helivm or nitrogen (LHe/LN
eryostat). Pulsed THz radiation from the QCL propagates to a
high-7. Josephson junction, which is on the same cold plate of
the eryostat as the QCL and with a similar sapphire lens, A
thin-wall stainless steel tube surrounds the space between the
lenses 1o reduce radiation losses of highly diverged QCL
radiation. Both the QCL and the high-T. JJ are standing in a
vacuum chamber of a cryostat, thus avoiding possible
distortions of the spectra associated with THz losses in
atmospheric air, To reach the cold-plate temperatures as low as
50 K, we have pumped liquid nitrogen in the cryostat with a
membrang pump,

A self-made pulse driver delivers a train of current pulses
folf) to the QUL with a repetition time of 2 ms. A pulse
generator controls the variation of the pulse peak values. The
pulse driver delivers the pulse signals proportional to the foirf)
and the voltage pulses Fol(r) on a QCL to a digital oscilloscope.

When operating in the same cryogenic environment, the
QCL- and JJ-circuits have a finite electromagnetic coupling.
Therefore, the current QCL pulses with 1 A-amplitudes and sub-
microsecond fronts affect the dc and signal characteristics of
the 1) significantly. This circumstance is the main difficulty in
speciral measurements of QCL radiation with Josephson

junctions in the same cryogenic environment. A sei of

measures, including  shielding, symmetrical wiring, and
filiering, has helped us to decrease the interferences to a
reasonable level.

Fig. 4a shows the current pulse (1) with the maximum value
fomas = T1.45 A and the corresponding voltage pulses Folr) for
a typical QCL under study. The pulse widths of fi(¥) is of 2 ps,
and the leading and trailing edges of the pulse are close to
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Fig. 4. {a) Pulse tforms for a typical QCL under study: a current pulse fyir)
with a maximum valug foa., of 145 A and a corresponding veltage pulse Foirl.
(¥ F=F curve {solid lineh of the QCL from pulse measurements at 7= 51 K amd
output QCL power 2, measured by a pyroelectric detector vs. the QCL
CUFTEN Fipemer (SOuares, a thin line is a guide 1o the eve),

exponential functions with a time constant T of 120 ns, The F-
feurve of QCLs is measured, starting from the corresponding
driver signals., The driver increases the peak foew. of the pulses
fglf) from zero 1o 1.5 A, and the oscilloscope records the peak
values of Fo(f) as a V-l curve. The time interval of (200-500) ns
before the trailing edge of the fy(f-pulse is preferable w
measure these maximum current and voltage values and to
exclude the impact of transient processes. Fig. 4b shows the
resulting V-l curve for a typical QCL. The QCL's average
output power, measured separately by a pyroelectric detector,
develops at a threshold value of /o near 1.1 A, As the current /i
increases, the radiation power P, increases, reaching a
maximum value before the instability points at the fg-values of
around 1.5 A.

The 11 is current-biased, and a differential preamplifier
delivers the signals directly proportional to the junction
voltages., The cuwrrent § through the J1 15 scanned by a scan
generator so that Josephson frequencies = 2elh are in the
range of interest for spectral analysis. A data acquisition board
isee Fig. 3) digitizes the signals proportional to the current
bias [, the DC voltage V, and the differential resistance R4 of
the J1.

In the set up (Fig. 3), we use a digital oscilloscope to visualize
the responses AF(1) of the 11 to pulsed THz QCL radiation, an
analog boxear integrator to record, and a data acquisition board
to digitize them. A personal computer (PC) with the developed
software controls the QCL pulse bias cireuit with data
acquisition from the QCL driver and electronics of the 1J. We
have found that the best signal-to-noise ratio for measuring the
response of Is is at the end of the driving laser pulse when all
transients from the leading edge of this driving pulse relax,
Correspondingly, we have adjusted the time position of the gate
pulse in the boxcar integrator under visual control with the
digital oscilloscope.

A set of Shapiro current steps at the voltages V), = nhfi'2e (n
=1, 2, 3...), which appear on the f-F curves of JJs under
mtensive monochromatic radiation with the frequency f) | isa
standard mean for voltage (and Josephson frequency)
calibration [23]. We have used the radiation of an optically-

pumped HCOOH laser with a specific spectral line of the well-
defined value /i = 6929514 GHz [31], [32] and assigned the
values of dc voltages F, of several Shapiro steps to values
of nhfi/2e.

With this calibration, the de voltage and frequency accuracy
in HTSA might be as high as that of the table frequencies in the
absence of voltage fluctuations in JJs. If intrinsic thermal
voltage fluctuations with the root mean square value <, =% =
{4k TR,B)Y"* dominate in JJs, the voltage and frequency accuracy
might be as low as 0.2 pV and 100 MHz in the case of the 1]
with B, of 10 €2 at T = 30 K and B = | MHz. In spectral
measurements of QCL radiation with s, residual low-
frequency voltage fluctuations induced by interferences from
the pulsed QCL-circuitry affect the accuracy of the de voltage
{and frequency) measurements. Mevertheless, this calibration
gives a rather good relative frequency accuracy of 3.5x< 107 and
the absolute frequency accuracy of 1 GHz at a frequency of 2.2
TH=.

B Resulis

Fig. 5a demonstrates the /-F curve and the differential
resistance By vs, V for one of the J1s with £, =7 O and /.8, =1.1
mY at =31 K. The /-F curve of the 1) is of more than three
orders lower magnitudes of current and vollage in comparison
with that of the QCL (Fig. 4b). Nevertheless, we have measured
the static clectnical charactenstics f{F) and RAF) with the
accuracy required for HTSA, which shows good suppression of

Valtage (m'/)

Current / {m#A)

(b)

Response AV (arb, un.)
=
h
1

0.5
1.0 -
RN RN R EERLENLERLERLERILELLE BLE R LER LN
0 1 2 3 4 5
Voltage (mY)

Fig. 5 dap LV curve amd differential resistance R, vs, vaoltage IV of a
Y BaxCuDs, biervstal junction with 8. = 7 £ at 7= 51 K. (b) Response AV
v Vof the same 11 1o QC L radiation with the pulsed current, as in Fig. 4a.
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the interferences from QCL drive circuits. The RA)-
dependence has a maximum at the voltage V, = 326 pV, and at
higher voltages, shows oscillating behavier due to interaction
of Josephson radiation with intrinsic resonances in the log-
periodic antenna and the immediate environment of J1. At the
voltages higher 3 mV, noisy behavior around an average value
R, of T £ gradually replaces the regular oscillating pattern in
RATFY.

Fig. 5b shows the response AM V) of the same I with R, =7
at 7= 351 K to QCL radiation, The response demonstrates a
well-developed odd-symmetric resonance with a center near the
voltage of 4.6 mV, and a peak at the voltage of 205 uV. The
first resonance is due to the frequency pulling of Josephson
oscillations in the JJ by high-frequency external narrowband
radiation [rom the QCL. The low-voltage peak in the response
AF(F) 15 due to another detection mechanism in 11, Le.
suppression of the critical current by the same radiation, and it
should be proportional to R4 F) at low voltages. However, here,
the maximum of AF(F) is lower than the maximum of 84 F),
and this is a hint that low-frequency components are present in
CCL radiation, Js detect radiation with the frequencies /. which
are lower than the enhanced Josephson linewidih ¢ at low
voltages, in a classical detection mode, where AF{F) is
proportional to the second derivate d*F/dF vs. ¥V and the
maxima of the responses for lower frequencies are always
shifted to lower voltages than that of for high-frequencies [33].

The responses of several Jls to QCL radiation demonstrate
this low-voltage shift of the maxima and even negative

Josephsen frequency f(THz)
0.0 0.5 1.0 1.5 20 25

Ll

P
1

5]
]

L]
1
E

1
[ %]
]

Response function H{f)

(b)

1
oy B
1 1
T

Spectrum S(f (arb. un.)

0

0.0 0.5 1.0 1.5 2.0 2.5
Frequency f(THz)

Fig. 6. {(ah Mormalized response function ) obtained sccording o (2)
fromm the experimental data (Fig, 4. (b) Spectrum S(0 of radiation from a QCL
recovered from F() sccording o (1.
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responses of some J1 at the intermediate voltages due to a
negative sign of the d*F/d” vs I there, Probably, these low-
frequency components are due to the down-conversion
processes inside a QCL cavity, when the radiation from several
modes with close frequencies mix and produce some low-
frequency background.

According to (2) and the relation Af(F) = -AF{FVRAV). we
have converted the experimental data V, f(F), R4 V), and the
response AF{F) from Fig. 5 to the normalized response
function H{ff). Fig. 6a demonstrates the result. A resonance
feature is found in the function M) near the frequencies f; =
2.2 THz, Using the inverse Hilbert transform according to (1),
we recover the double-sided spectrum 5(/) of QCL radiation
from the detector response function H{f) for positive and
negative frequencies . Fig. 6b shows the result for the positive
frequencies. The spectrum shows some noise components,
which increase with the frequency and interfere with the
spectrum recovery. We have used an additional noise reduction
procedure based on low-pass FFT filtering up to the level when
the maximum in the spectrum starts to decrease. The spectrum
contains a line at the frequency Mnear 2,2 THz with a linewidth
of 35 GHa.

Fig. 7 shows a more detailed view of the spectrum S(/) (a
solid curve 1) in the reduced frequency range near the detected
spectral ling. The shape of the line looks rather asymmetric. The
observed linewidth is broader than the Josephson linewidth &
of 17 GHz estimated from (4) for the junction parameters at the
temperature of 51 K. To explain an excess width of the
measured speciral line, we cannot exclude the effect of

additional voltage modulation on JJ due to the interference
TABLE I,

Spectrum Sif)

2.15 2.20 223
Frequency f{THz)

Fig. 7. Spectra 500 (solid hnes) of QCL measured with Y BaCua05, bicivstal
s with &, = 7 £ {curve 1) and &, = 43 L1 (curve 2). Dots show a resull of
noenlinear fitting of the curve 1 by five Loreniz curves with vanous frequencies
fiand the same width Af
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CENTRAL FREQUENCIES AND RELATIVE INTENSITIES OF LORENTZ LINES
USED 1M MONLINEAR FITTIMG OF QUL SPECTRIM

Index  Central frequency Relative Mode
i fi, THz intensitics A, assignment
1 2.147 0.06
2 2,181 0.35 TMa
i 2.204 0.7% TMag
4 2.221 1 TMag
3 2,254 0.08

pulses from the QUL current drive. However, if'it were the case,
the form of a speciral line would be more close to the
svmmetrical Gaussian curve. Furthermore, the line contains
some 1nternal structure, which looks like a set of resonances
with various frequencies.

We have applied nonlinear fitting of the sum of five Lorentz
curves of the same linewidth A/ to the obtained spectrum S(7)
and Fig. 7 shows the result in dots, The wvalue of Lorentz
linewidths Af for the best fit is (16 £ 1) GHz. Table | shows a
sei of central frequencies and intensities, which we have
obtained as the best fit. In a central part of a spectrum, there is
a good comcidence between the HTSA spectrum (a solid line
1} and the fitted curve (dots). The lines at the frequencies f, f1,
and fi have the largest intensities and fit better than the weak
lines at the frequencies f; and f.

The value of Afof (16 £ 1) GHz obtained from the fitting
procedure is close to the Josephson linewidth &= (17.0 £ 0.5)
GHz estimated from (4) for J1 with 8, = 7 2 at 51 K. That
means that intrinsic fluctuations do broaden the Josephson
linewidth in 1I, but not external interferences. To get an
additional proof of this conclusion, we have carried out similar
experiments with the IJs with much higher resistances fn, so
that their Josephson linewidths are larger than the total spectral
width of the QCL operating at several resonator modes.

Fig. 7 shows the spectrum (a solid line 2) of the same QCL
at the same current bias, which is measured by the Y Ba,Cus04.
« bicrystal 11 with the characteristic voltage IR, = 1.1 mV and
the resistance R, = 43 £ at T = 50 K. The spectrum has a
maximum at the frequency of (2.214 £ 0.001) THz. The shape
of the spectrum in Fig. 7 is more symmetrical, and the linewidth
Af s of around 90 GHz. The measured linewidth of the
spectrum 2 is close to the value of Josephson linewidth & =
(102 + 5) GHz calculated from (4) for the 1] parameters used in
the measurements, A 10%-decrease of the measured linewidth
compared with values of pure thermal broadening might be due
io the emerging effect of capacitance shunting at high resistance
values [23]. Thus, HTSA measures QCL radiation with the
spectral resolution determined by the intrinsic Josephson
linewidth of the high-T, JJs.

IV, Inscussion

Conventional THz QCLs emit at the frequencies
corresponding to the Fabry-Perot modes of the QCL active
volume confined between Au-electrodes. The measurements of
THz radiation from our QCLs with Fourier spectroscopy [27]
show the spectra consisting of a few intensive spectral lines

with the same spacing around 16 GHz. This spacing is close to
the value of ¢/2nl. = 18 GHz calculated for the longitudinal
maodes of the QCL with the length L = 2.5 mm and the effective
refractive index n = 3.3, Therefore, we may suppose that the
internal structure of the recovered spectrum in Fig. 7 is the
result of the QCL operation on some most intensive modes and
the widening of the JI response by a finite Josephson linewidth.
Asymmetry of the obtained spectrum may be due to the various
intensities of the modes.

Indeed, the difference fi - f3 of 17 GHz and the relative
intensities 45 and A4 are very close to those of the most intensive
lines in the spectra, measured earlier by Fourier spectroscopy
[27]. However, the frequency difference i — /5 is of 23 GHz
and, the intensity 4z of the line is much higher when compared
with the rest of the lines in the specira, measured earlier [27].
These circumstances indicate that the line with fequency f
belongs to another set of resonances in the active volume of the
QCL, which we have failed to deteet with Fourier spectroscopy
carlier.

Due to the interferometric principle and a corresponding
increase of the frequency errors with the angle of incoming
radiation, Fourier spectroscopy operates effectively at small
solid angles [6]. When THz radiation comes to the Fourier
spectrometer along the direction normal to the QCL facet, the
radiation from the TMpo group of the longitudinal modes is
mainly detected [8]. The Fourier spectrometer in the olf-normal
configuration mainly detects THz radiation from higher modes
of the (CL resonator. The measurements show that the 150pm-
wide QUL emits 3.6THz-radiation from the TMy mode m the
directions at the angle of 257 [8].

In HTSA. which operates in the frequency domain, there is
no limitation on the angles of incoming radiation, and it detects
all spectral components without changing the geometry of the
measurements. The set-up for the measurements with HTSA
includes two hyperhemispherical lenses with a light pipe
between the QCL and the JJ (see Fig. 3), and this optical
configuration collects radiation in a broad angular range. Thus,
HTSA may characterize THz radiation from the QCLs in one
run in more detail, including an extended set of the longitudinal
and transverse modes, compared with a similar study with
Fourier spectroscopy.

Using the results of [8] and [27], we can conclude that the
most intensive lines at the frequencies /5 and /i belong to the
TMoo longitudinal modes, and the line at the frequency f
belongs 1o the TMo modes. The weak line at the frequency f is
below the frequency /2 on 34 GHz that 15 equal to double
frequency spacing ¢/ 2nl, and this line presumably belongs to
the same group of the resonator modes as the line at f3. Another
weak line at /5 is of 33 GHz higher than the strong line at f and,
presumably, belongs to the same group of resonator modes,
which are the TMq modes, We consider the assignment of the
weak lines as very preliminary and put only the strong lines in
the corresponding column of Table .

Here, we use the [001]-ilt YBa:CusOh., bicrystal 1s
fabricated by epitaxial growth of the c-axis YBaxCuzOy., thin
films. Their characteristic voltages [.Reare in the range from 1
toe 2 mY at the temperatures between 50 and 5 K, and their
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characteristic Josephson frequencies /. < 1 THz are lower than
that required for optimal detection of QCL radiation. The
resistances £, of these junctions are high, and it is desirable to
decrease their values to reach narrower intrinsic Josephson
linewidths, even for lower Josephson frequencies.

Therefore, to improve the resolution and the spectral range
of the HTSA for QCL studies, one should employ Josephson
Junetions of lower resistances R/, and higher [ R-values. The
first HTSA measurements of CW THz CHsOH laser radiation
using [100]-tilted ¥YBa:CuyOy, bicrystal junctions with high
IR, and low resistances demonstrate promising results [12].
More precise tuning of the resistance and temperature values
according to (4) and Fig. 1 might be required.

V. CONCLUSION

In summary, we have demonstrated the potential of Hilbert-
transform spectral analysis with high-T.. Josephson frequency-
selective detectors for characterization of THz radiation from
pulsed guantum  cascade lasers in the same cryogenic
environment. We have considered the limitations on the
operation of this type of spectral analysis imposed by
nonequilibrivm  voltage fluctuations and Joule heating in
Josephson junctions.

The spectrum of QCL emission recovered by HTSA consists
of several lines at the frequencies around 2.2 THz, which are
due to the excitation of a variety of resonant modes in the active
volume of the QCL. The frequency spacing between the
longitudinal modes and their relative amplitodes agree with the
corresponding  parameters in emission spectra of the same
JCLs measured by Fourier-transform spectroscopy. We have
found that, due to a reduced power dynamic range and lower
signal/noise ratios in the case of pulsed THz HTSA compared
with those of in the case of CW THz HTSA, low-pass FFT
filtering of experimental data is an essential part in spectrum
recovery 1o reach the spectral resolution determined by the
intrinsic Josephson linewidth.

This work paves the way to a more informative spectral
analysis of novel QCLs and other THz sources in the frequency
domain. Further work on optimization of HTSA operation with
fine-tuning of the parameters of perspective high-Te Jls is
necessary and underway.
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In Situ Hilbert-Transform Spectral Analysis of Pulsed Terahertz Radiation
of Quantum Cascade Lasers by High-T.: Josephson Junctions

Oleg Volkov, Valery Paviovskiy, Irina Gundareva, Rustam Khabibullin, and Yuriy Divin

Absiract—We have studied the applicability of high-T. Josephson junctions (JJs) and Hilbert-
transform spectral analysis (HTSA) for characterization of pulsed terahertz (THz) radiation. We
have reconsidered the extension of HTSA into the THz range, including an impact of such
emerging factors as nonequilibrium voltage fluctuations and dc Joule heating in high-T: JJs, and
found an unexpected weak temperature dependence of Josephson linewidth &f and a spectral
dependence &f(f) with a minimum. Due to this analysis, we have chosen YBa:Cuz0y7.. bicrystal
JJs for experimental study. The JJs have analyzed pulsed THz radiation from quantum cascade
lasers (QCLs) located in the same cryogenic environment at 50 K. The spectra recovered by the
JJ with R, = 43 Q consist of a line with a central frequency around 2.2 THz, which have a
symmetrical form and the linewidth of 90 GHz close to the intrinsic Josephson linewidth of this
JJ. The spectra measured by the JJ with R, = 7 2 and the intrinsic Josephson linewidth of 16
GHz consist of several lines at the frequencies f;, around 2.2 THz, which are due to the excitation
of different resonant modes in the active volume of the QCL. The difference between the fitted
central frequencies fz - f; of the strong lines and the ratio of their intensities are in agreement
with the spectrum of the same QCL measured by Fourier spectroscopy. The developed
technigue paves the way for detailed and rapid characterization of pulsed THz sources in the
frequency domain.
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