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Abstract. We report on broad-band coupling of THz radiation to an YBa,Cu3O7_s
superconducting hot-electron bolometer. The bolometer—a micro-bridge of an
YBa,Cu307_; film with a PrBa,Cuz0O;_; protection layer—was built in a hybrid
guasioptical antenna system consisting of a planar self-complementary spiral
antenna on a dielectric substrate and an extended hyperhemispherical lens. The
planar antenna was integrated into a coplanar transmission line for broad-band
intermediate-frequency matching. Measurements performed in the direct detection
regime between 2.5 THz and 4.2 THz delivered a system coupling efficiency for the
radiation in the fundamental Gaussian mode of about 0.1 and a beam width of the
radiation pattern of less than one degree. The pattern was consistent with the
far-field radiation pattern that we calculated with a ray-tracing technique. At an
intermediate frequency of 1.5 GHz we measured an output noise temperature of
~160 K for the bolometer driven in the resistive state by both dc and THz current
and estimated, for the heterodyne regime, a system noise temperature of

~3 x 10° K. We studied the effect of a protection layer on the rate of phonon
escape from the micro-bridge and, thus, on the output frequency bandwidth of the
device. We discuss possibilities of a significant improvement of the device
performance.

1. Introduction employed an electron heating effect in either low- [8, 9]
or high-temperature [10] superconducting thin films. The
The THz frequency range is becoming increasingly ultimate noise temperature of a HEB mixer ideally coupled
important for radio astronomy, remote sensing of the upper with radiation was estimated to be between 50 K and 500 K
atmosphere, plasma diagnostics, and other applicationsdepending on the superconducting material (Nb, NbN or
The progress in these fields is in direct connection with YBa,Cu;O;_s) [6,11]. The input (radio-frequency) and
the development of low-noise heterodyne receivers that output impedances of a mixer are almost real [6, 12] and can
are expected [1] to provide a better performance than be adjusted to a desired value by the proper choice of the
Fourier transform instruments with direct detectors. The device geometry. A relatively good performance of HEB
only practical heterodyne receiver which has been used upmixers was demonstrated at frequencies up to 600 GHz
to now at frequencies above 1 THz is an open-structure [13,14] in a waveguide design. At higher frequencies a
corner reflector with a Schottky barrier diode as a mixing decrease of the radiation coupling efficiency significantly
element [2, 3]. The lowest noise temperature of a Schottky decreased the mixer sensitivity [15].
diode receiver obtained so far at a frequency of 2.5 THz In" principle, THz radiation can be coupled to a
was around 12000 K, mainly limited by noise in the diode HEB mixer by use of different antennas, such as corner
(noise temperature 8000 K) [4]. At THz frequencies the reflectors, cor_rugated_ horn antennas [16], a parabolic
video-responsivity of Schottky diodes drops approximately €flector combined with a planar antenna array [17], &
proportionally to the frequency [5], leading to a quadratic tapered slotline anter_ma [18], and Oth?rS; a review of
increase of the receiver noise temperature. .ante.nnas,' most of which could be used n the THZ. range,
A few years ago the hot-electron bolometer (HEB) is given in [19]. The corner reflector is, most likely,

was proposed as a novel type of mixer having no spectral the best solution for Schottky Fjlode receivers, but not for
R . . all detectors, because of relatively large side lobes of the
limitation in the far-infrared range [6,7]. The mixer

radiation pattern, which do not lie in eith&r- or H-planes

+ Permanent address: Lebedev Physics Institute of RAS, 117924 Moscow, [20], @ high pr_oss-polarization level, and a strpng limitation
Russia. due to the finite diameter of the antenna whisker.

0953-2048/96/090779+09$19.50 (© 1996 IOP Publishing Ltd 779


mailto:varlash@sci.lebedev.ru

Yu P Gousev et al

a direct detection regime, we studied the radiation pattern of
(a) (b) 1mm Au the antenna for frequencies between 2.5 THz and 4.2 THz.
20 Analysing current-voltage characteristics of the HEB with
,J‘L.m and without irradiation, we obtained the efficiency of the
radiation coupling and determined losses in the quasioptical
components. We have studied the influence of a protection
layer covering the HEB on the output frequency bandwidth
of the device. Finally, making use of the measured value
of the mixer output noise, we estimated for our device
the performance expected for operation in the heterodyne
regime.

Au

YBCO + PBCO .
2. Experimental procedure
(c) mylar 0 10 mm The HEB was an YBCO micro-bridge integrated into a
— S — gold planar self-complementary spiral feed antenna on a

—_— dielectric substrate (figure 1(a)). The inner and outer
diameters of the antenna werelO um and ~0.4 mm,
respectively, thus limiting the operation range to radiation

radiation beam

—_— frequencies between 0.8 THz and 6 THz. The antenna arms

- were connected to a broad-band coplanar transmission line

_— (figure 1(b)). The substrate with the antenna was clamped

u with the rear side on an extended hyperhemispherical

silicon lens (radius 6.3 mm). The distance between the

Figure 1. A superconducting micro-bridge connected to a centre of the lens and the feed antenna was about 2.5 mm;
gold spiral antenna (a), the antenna integrated into a the extension length was chosen following the concept of
coplanar line (b), and a quasioptical system (c). the hybrid antenna [24]. No anti-reflection coating of the

silicon lens was used. The device was mounted on a cold

One of the most promising antenna designs for THz finger of a variable-temperature cryostat with optical access
frequencies is an integrated system with a dielectric through a Mylar window (figure 1(c)); a dc current was
substrate, carrying a planar feed antenna with a sensitiveSupplied via a bias tee.
element, clamped on the back of an immersion lens [21]; ~ For preparation of samples we first grew on a (100)-
preliminary focusing of the radiation is normally required. oriented MgO substrate (thickness 0.5 mm) an YBCO
The feed antenna may be of bow-tie, logarithmic spiral, film (thickness 25 nm to 35 nm), then a PpBarO7_;
log-periodic, double-dipole, or double-slot configuration; (PBCO) protection layer (8 nm to 50 nm), and finally a
all of the antenna types have a rather low directivity gold film (200 nm to 230 nm). We used a pulsed-laser
in free space and, therefore, require an immersion lens.ablation technique with a synchronous velocity filtration of
The majority of integrated receivers [21,22] employed a the laser-induced plasma to eliminate macro-particles and
hyperhemispherical immersion lens [23], with the feed droplets [26]; the radiation of an excimer laser (wavelength
antenna placed at the distanegn behind the centre of 308 nm, pulse duration 15 ns, repetition rate 8-25 Hz)

the hemispherer(is the radius of the hemisphere,the ~ was focused on a disk-shaped rotating target while the
refractive index of the lens) whereby aberrations were pulse energy density was 10-20 J ¢n We deposited
small. an YBCO/PBCO/Au film sandwich changing consequently

A new design of an integrated receiver was proposed an Y-Ba—Cu-O target to a Pr-Ba—Cu-O target and then
[24] for imaging array optics. In this approach an to an Au metal targein situ in a vacuum chamber. The
immersion lens has such an extension length that the feedYBCO film and the PBCO protection layer were grown
antenna is placed between the hyperhemispherical positionin an oxygen atmosphere at a pressure of 0.15 mbar on a
and the elliptical focus (the second focus of the elliptical substrate heated to a temperature of 820Then, we filled
lens may be synthesized by use a hemispherical lens withthe chamber with oxygen up to a pressure of 0.8 bar, cooled
an appropriate extension length [24,25]). In this case the sample to room temperature, evacuated the chamber to
the immersion lens and the planar antenna work as aa pressure of 16-10"% mbar, and, finally, deposited the
single hybrid antenna with a radiation pattern close to the gold layer also by laser ablation. The thicknesses of the
diffraction limit determined by the cross section of the lens; YBCO films, the PBCO protection layers, and the Au films
no complicated optics is required to couple a single-mode for four samples are given in table 1.
radiation to the hybrid antenna. Hybrid antennas have been  The structuring of the samples was performed in
used successfully at frequencies upx600 GHz [24, 25]. two steps, each including photolithography and chemical

In this paper we report on efficient, broad-band etching. In the first step, we applied a positive photoresist
coupling of THz radiation to an YB&wO;_s (YBCO) mask to shape the coplanar waveguide, the feed antenna,
superconducting HEB by means of a hybrid antenna. Usingand the micro-bridge with an area of several square
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Coupling of THz radiation to an YBCO HEB

Table 1. Parameters of samples.

No 1 No 2 No 3 No 4
Transition temperature (K) 85.5 87.7 89 88.5
Transition width (K) 2 3 2 25
Normal-state resistance (2) 320 200 120 180
YBCO film thickness (nm) 34 26 50 28
PBCO film thickness (nm) 34 9 50 8
Gold film thickness (nm) 200 200 230 200
Micro-bridge size (um?) 9x3 4x3 35x3 4x3
Phonon escape time (ns) 2.4 1.3 3.4 —
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Figure 2. Sample resistance. E
microns. To remove the gold gently with minimal under-
etching, we used an ethylene glycol solution containing
I, and Nal; a 10% solution of Nal in water-free ethylene
glycol was saturated with, I(concentration~40%). Due

to the high viscosity of ethylene glycol only a thin layer
of the reagent near the sample surface was involved in
the reaction because of a decrease of the concentration of ANGLE (DEGREE)
[E:Cgc\)/ﬁtcl,%csédg:;gnIgg?nélt)éhriizu;ngctohﬁal;/r;?ser:r:ghygcag Figure 3. The radiation'patter_n of the hybrid antenna_with
. . : . the extended hyperhemispherical lens in two perpendicular
films a solution of 2.5% HN®@in ethylene glycol was used.  planes at 2.5 THz, 3.2 THz, and 4.2 THz. Noise levels are
At the second stage, applying another photoresist mask, weshown by horizontal (dashed) lines.
removed again with the+Nal solution the gold layer from
the micro-bridge.

A typical temperature dependence of the micro- provided a good stability of the superconducting properties
bridge resistance showed a linear decrease between roon®f our samples over several months.
temperature and 90 K and a superconducting transition ~ For studying the radiation properties of the hybrid
within few K (figure 2). While the use of water-containing antenna we operated the HEB as a direct detector for
I-Nal and I-KI solutions caused a noticeable degradation chopped cw laser radiation. lIrradiation resulted in an
of the superconducting properties, etching of gold with increase of the sample resistance and, therefore, led to a
concentrated ethylene glycol solution resulted only in a voltage change across the micro-bridge connected to a dc
slight change of the superconducting transition of the micro- current source. The change of voltage at the micro-bridge
bridge with respect to the unstructured film. We observed, was measured using a lock-in technique. The ambient
when using water-free solutions, a 2-3 K reduction of the temperature was=1.5 K below 7, resulting in a sample
transition temperaturd, (determined as the temperature dc resistance ok100 Q at a bias current of few mA.
corresponding to the midpoint of the transition) and an The antenna was irradiated by an almost parallel beam
increase of the width of the superconducting transition by (divergence 1) of a far-infrared gas laser (frequencies
a factor of~2. The transition temperature (table 1) was 2.5 THz, 3 THz, or 4.2 THz) operated in the regime of the
smaller for thinner YBCO films; we found no correlation fundamental Gaussian mode; the distance from the waist
betweenT, and the thickness of the PBCO protection layer. of the laser beam was:1.7 m. The power density of
The thickness of a protection layer as small as 10 nm the radiation was measured in the plane of the cryostat

10 -5 0 5 10-10 -5 0 5 10

781



Yu P Gousev et al

0 T T T
)
Z
%
z °f 1
o
[a%
m ~
Z 10} ] 9
< E
- -
~ Z
~
15 - - - EZJ
-20 -10 0 10 20 o
ANGLE (DEGREE) 8
Figure 4. The radiation pattern of the antenna with the
hyperhemispherical lens for 2.5 THz radiation.
window by a calibrated Golay cell detector. We measured

the radiation pattern by rotating the antenna in the electric
field plane of the incident radiation around the axis either 0 0.1 0.2 0.3 0.4 0.5
coinciding with (H-plane) or perpendicular t&(plane) the VOLTAGE (V)

axis of the coplanar line and obtained the dependence of

the power absorbed by the HEB on the angle of incidence; Figure 5. Current-voltage characteristics at different
the voltage change across the HEB was proportional to theambient temperatures (in steps of 0.4 K) without
radiation power. To change the rotation axis we completely irradiation (a) and with radiation at a power density of
reinstalled the sample; that partially could account for the 11 107 W cm=2 (b).

difference betweerE- and H-plane patterns for the same

sample (see below). The output noise temperature of thez 2 Current—voltage characteristics

device was measured with and without irradiation using a o )
low-noise amp”fier and a spectrum ana|yser. Without irradiation, at an ambient temperature clos&to

the current—voltage {—I) characteristics of our samples
were smooth; results for sample No 1 are shown in figure
5(a@). The differential resistance was nearly zero at small
voltages and increased to a constant value (62%0at
3.1. Radiation properties of the hybrid antenna voltages between 0.3 and 0.5 V. Irradiation resulted in
a decrease of the current while the differential resistance
The radiation pattern of the hybrid antenna at a radiation at high bias voltages remained approximately constant
frequency of 2.5 THz (figure 3, upper part) consisted of a (figure 5(b)). Decreasing the ambient temperature with
narrow main lobe and a side-lobe structure. The main lobe the radiation power applied we obtained Va-I curve
had a full width (at a level of-3 dB) of less than 1in practically coinciding with one of those recorded at higher
both planes; side lobes appeared bele® dB. Our result  temperatures without irradiation. Thus, we suggest that the
indicates that the radiation pattern of the hybrid antenna effect of the irradiation was essentially thermal and find a
corresponded to an almost symmetric cone, according totemperature shift ofv1.5 K corresponding to a radiation
the rotation symmetry of the radiation pattern of the spiral power density of 1L x 10> W cm2 at the system input
antenna. (in front of the Mylar window). Reducing of the power
At higher frequencies (figure 3) we obtained slightly resulted in a corresponding proportional decrease of the
broader and less symmetric radiation patterns. This wastemperature shift.
due to the misalignment of the spiral antenna with respect
to the centre of the substrate lens, which is more critical at
shorter wavelengths; the background was higher due to a
smaller signal-to-noise ratio. The dependence of the direct detection signal on the
We measured the radiation pattern for our feed antennamodulation (chopping) frequency was measured for the
also with a hyperhemispherical lens. The radiation pattern sample driven by both the dc current and cw radiation into
at 2.5 THz (figure 4) was broad (full width: 20°) and the operation point (A, figure 5(b)). The dependence of
showed several maxima in the main lobe. At normal the signal on the modulation frequency was weak (figure
incidence we observed a dip (of aboutlO dB) with a 6) and did not depend on the frequency of the THz
width of ~1°. Both the maxima and the dip may be due to radiation. The signal decreased between 10 Hz afid{¥0
interference effects in the lens. approximately ag ~” where f is the modulation frequency

3. Experimental results

3.3. Signal and noise characteristics
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Figure 6. The direct detection response for different
modulation frequencies. The solid line was calculated using
equation (7).
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Figure 7. Calculated (solid line) and measured (dashed)
radiation patterns at 2.5 THz for the hybrid antenna with
the extended hyperhemispherical lens.

andy a parameter (between 0.02 and 0.1) that was sample[30]. We calculated an overlap integri,|We)|? [19]

dependent.
escape timeg,,, for our samples measuring the real-time

response to near-infrared radiation pulses (for experimental
Using measured values of

details see reference [27]).

We also determined the effective phononfor a Gaussian beam of the form

W5 (0) ~ exp(—[0/60]) exp(Ein[0/04]%) (1)

7, We obtained a modulation frequency dependence of Where © is the angle of incidence of the radiatio®o

the response (the solid line in figure 6) which will be
discussed later. Phonon escape times are presented
table 1. Though, in general, we foung increasing with
the film thickness, it was not proportional either to the
thickness of the YBCO or the PBCO layer or to the sum
of these values.

The output noise temperature for sample No 1,
iradiated at a power density of.llx 10° W cm™2
(operation point A, figure 5(b)), decreased gradually from
~280 K at 100 MHz to~160 K at 1.4 GHz. At higher

frequencies the noise temperature was nearly constant
and was mainly determined by the Nyquist and thermal

fluctuation noise; the contribution of each type of noise

and ©; are characteristic angles for the amplitude and the

iphase, respectively, antl, (©) describes the experimental

radiation pattern of the hybrid antenna. Varyifp and
®; we obtained for an overlap integral a value of 73%
as the upper limit of the Gaussian coupling efficiency.
Lower directivity, obtained at radiation frequencies above
2.5 THz, was most probably due to a misalignment of the
feed antenna with respect to the centre of the silicon lens.
Using a ray-tracing technique, we have simulated a
far-field radiation pattern of the hybrid antenna. First, we
calculated the electric field distributiafi™ (r) on the inner
surface of the immersion lens considering the feed antenna
as an aperture of aredo radiating in a homogeneous
dielectric medium, and assuming that the phase and the

was determined in the same manner as described in [28].
We found similar values of output noise temperature when
the sample was operated without THz irradiation and at
almost zero bias current but at the same dc resistance. Th
result gives evidence that there was no contribution from
the shot noise.

amplitude of the electromagnetic field are constant in the
aperture plane. The electric field produced by the feed
antenna in a point defined by the radius veatds given

By

. +0oo
E"(r) = E,(@)G(r' —r|) dr
—00
wherer’ is the radius vector of the radiating segment of
the aperture,

)

4. Discussion and numerical simulation

G(r' —rl) =&/ @xlr’ — 7)) @3)

is the Green’s function for a homogeneous mediutn,
is the wave vector of the radiation in the dielectric, and
i = +/—1. The initial electric field distributionkE,,(r"),

4.1. Radiation properties of the hybrid antenna

From the full width of the main lobed, ~ 1°) we estimate
for the directivity Do of the hybrid antenna, using the
expressionDy = 4/ O3 [29], Do ~ 4 x 10* (46 dB) and a
corresponding effective aperture;; = 412/D ~ 45 mn? of the feed antenna was determined by summarizing over
where A is the wavelength (11&m) corresponding to the  all radiating segments of the aperture. The number of
frequency 2.5 THz. A more accurate numerical calculation, segments was chosen so thatwlas small compared to the
including the part of the radiation in the side lobes, yields wavelength of the radiation in the lens. Using boundary
D = 10 (40 dB). This value is very large and indicates that conditions for the silicon-vacuum interfade" = E{",

our antenna has an excellent performance; similar valuese" = /¢E{“ with E; and E, being the tangential and
are known for antenna arrays in the millimetre-wave range the normal components of the electric field on the inner
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(") and the outer’") surfaces of the silicon lens, and
the dielectric constant of the lens material, we obtained
the electric field distribution on the outer surface. Finally,
using equation (2) for vacuum, we calculated the electrical
field distribution in the plane at a distance 100 mm away
from the lens and obtained the far-field radiation pattern
of the hybrid antenna. The radiation pattern calculated for
the 2.5 THz radiation frequency (with the best-fit value
Ao = 7.3 x 107 cn?) shows (figure 7) good agreement
with the experiment.

We also calculated the far-field radiation pattern of
the feed antenna without a lens and obtained for the free . . . . . .
space a half-power full width of 65n agreement with the 0 0 25 50 75 100 125

experimental pattern [31] that has been measured for the
complementary spiral antenna. EFFECTIVE THICKNESS (nm)

X  This work
6 e Ref. [33]

PHONON ESCAPE TIME (ns)
£
1
\¥‘

Figure 8. Phonon escape times. The dashed line is a
4.2. Efficiency of the radiation coupling guide for the eyes.

We calculated the efficiency of the radiation coupling as ) ) ] ) )

the ratio of the radiation poweg,, absorbed in the micro- be mcregsegl using an antl-reflegtlon coating for the lens
bridge and the power, of radiation incident on the hybrid ~ @nd €liminating the impedance mismatch.

antenna. We obtaine#t from the radiation power density We also measured the coupling efficiency for our feed

in the centre of the beamyo, and the effective aperture antenna combined with a hyperhemispherical lens. We used
Aess Of the hybrid antenna according # = poA,;;. We a preliminary focused convergent beam with an angle of

found P ~ 5 mW for the lowerV—I curve of figure convergence equal to the width of the main lobe of the

5(b). Neglecting nonthermal effects of the current on fadiation pattemn=20", figure 4). We obtained a system

the resistance of the micro-bridge we assumed that, for coupling efficiency of~0.03 that was one third of that for

currents large compared to the critical current, the resistancelN€ NyPrid antenna with the extended hyperhemispherical
lens. Recently, it has been reported [25] that at lower

was a function of the effective electron temperature only - . . .
radiation frequencies the calculated Gaussian coupling

[32]. Since both the Joule power and radiation power are "< "¢ . )
efficiency was larger for the hyperhemispherical lens. Our

primarily absorbed by electrons, the heating of the micro- its <h 4 th ite bahavi his might be d
bridge by the current is of the same type as that by radiation. results s owe the opposite be aviour. This mg t be due
to the breaking down of the Gaussian formalism for large

A change of the electron temperatureT,, in a steady state, | ¢ o4
due to the current and the radiation, is then given by angles of convergence [24].

AT, =T, — Ty = Ro[ Pap + I?R(T,)] 4 4.3. Signal characteristics in the direct detection
regime
whereT, is the ambient temperaturé the current,R the dc )
We now evaluate the time of phonon escape from a

resistance of the micro-bridge, ang the effective thermal i "
resistance between the electron system and thermostatVo-layer YBCO/PBCO system, with the thicknessés
(YBCO) and d, (PBCO), to the substrate. We assume

Comparing two operation points (B and C, figure 5(b)) )
with the same dc resistance-100 2; the dashed line of _that _(1) the lattice pa_lrameters of YBCO and PBC_O are
identical and there is no thermal boundary resistance

figure 5(b)) and, thus, with the same electron temperature,b h q | . he thick
we concluded that the decrease of the Joule power (0.5 etween the YBCO and PBCO layers; (2) the thickness

mW at the operation point B) was compensated by the of the YBCO/PBCQ syster, + d; is smaller thar_i,,h/ﬂ
absorbed radiation power. WitR,, = 0.5 mW we found (lpn = 200 nm [33] is the phonon mean free path |.n.YBCO
a system coupling efficiency 6£0.1. Taking into account and PBCQ”‘L}. < 1 the average trangparency coefficient for
loss (0.1) at the Mylar window, reflection loss (0.3) at the phonons incident _fr_om the Y.BCO film onto the substrate).
front surface of the silicon lens, polarization loss (the spiral Under these conditions the time of the phonion escape from
antenna is sensitive to circularly polarized radiation), and the homogeneously heated YBCO/PBCO system is given

loss (0.3) due to impedance mismatch between the micro-by [33]

bridge and the antenna (we assumed that the antenna has Teso = 4d [ (Bu) ®)

an impedance of 377[2+¢)]7%° Q), we estimated for the ~ whereu is the average group velocity for all phonon modes
antenna a coupling efficiency of 0.6, that was slightly lower andd = d; + d». Since there are almost no free carriers
than the calculated maximum Gaussian coupling efficiency in the PBCO layer, the radiation is mainly absorbed in the
(0.73). The difference may be attributed to nonperfect YBCO film. A nonequilibrium phonon can propagate with
matching of the laser beam to the antenna (we measured theéhe same probability to the direction of the PBCO layer or
coupling efficiency in a slightly divergent beam), dielectric to the direction of the substrate. Half of the phonons cross
loss in the immersion lens, and conductor loss in the the YBCO/PBCO interface and escape to the substrate with
planar antenna. The system coupling efficiency can still a characteristic time,;; ~ 4(d; + d2)/(Bu). The other
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Table 2. Physical parameters of YBCO and MgO.

YBCO MgO
Electron—phonon interaction time (ps) 2.0 —
Phonon specific heat (J K™t cm~3) 0.9 0.53
Electron specific heat (J K- cm—3) 0.022 —
Thermal conductivity (W K= cm~1) — 3.4

half of the phonons escape to the substrate with a time
T.s2 ~ 4d1/(Bu). An effective escape time; is then given
by ;! = 0.5(z,;1 + 7,3). This value coincides with the
escape time of phonons from a homogeneous YBCO film

with the thickness

dey = di[1 + d2/(2dy + d2)]. (6)

Coupling of THz radiation to an YBCO HEB

lateral area of the YBCO micro-bridge;; the specific
heat andK; the thermal conductivity of the substrate. The
values for YBCO [27] and MgO [33] are listed in table 2.
We calculated the effective amplitude of the signal
AU =~ S(w)Ps/(2+/2) (Ps is the modulated part of the
radiation power) for sample No 1 (figure 6, solid line)
with t,, = 24 ns, I ~ 2 mA (operation point A,
figure 5(b)),a = 0.1, Pg = 10°3P, and dr/d7, ~ 100
Q K~1. The temperature derivative of the sample resistance
corresponding to the dc resistance at the operation point
(=30 Q) was obtained from th&k(T")-dependence (figure
2), measured at almost zero current without irradiation
(dR/dT was then close to R/dT,). For a modulation
frequency of 16 Hz we found that the calculated signal was
close to the experimental value while at zero frequency the
experimental value was:20% larger, most probably due
to a thermal resistance between the substrate and the cold

The escape time that we measured for our samples wasfinger of the cryostat.

almost proportional (figure 8) to the effective thickness
calculated according to equation (6). Our result is
consistent with data [33] (also shown in figure 8) for escape
times measured for unprotectegh (= 0) YBCO films on
MgO substrates.

We now evaluate the frequency dependence of the

4.4. The performance of the HEB in the heterodyne
regime

The conversion gain of a HEB mixer is determined [6]
by the frequency-dependent voltage responsiviyew),

responsivity. In our case, the equivalent resistance of theaccording to

output circuit (the input resistance of the lock-in amplifier)
was infinitely large compared to that of the HEB, thus
allowing us to simplify the general expression for the
responsivity [11] to

S(w) = IdRAT/P
w) =« ar, A

= (xld—Rm(a)) 1 @)
a7, 1 — R(w)I2(dR/dT,)
whereq is the effectiveness of the radiation couplirg=
2 f the modulation frequency, and(w) the frequency-

dependent effective thermal resistance between electrons in

the HEB and the bathfi, = R(0) was used in equation

(4) for steady-state conditions. Recent studies [27, 34]
have shown that the voltage response of an YBCO HEB
can be adequately described in terms of the relaxation

of the effective electron and phonon temperatures where
the change of the phonon temperature in the substrate is

included. Accordingly, the effective thermal resistance is
then combined [35] from two terms corresponding to the
heat transfer from electrons to the substrate) (and the
heat diffusion in the substrat&i():

Rw) = Ne(w) + Rs (@) (8)
R, (w) = Tep + Tesce/cp 1+ ((I)TepCp/Ce)z
T e 1+ (@2 L+ (@70)?)
9)
-1
e C;Bo\? CsB
(10)

wherec, is electron and:, the phonon specific heat,,
the electron—phonon interaction time the volume,B the

n(@) = 2aS(w)*PR;* (11)

whereR; is the equivalent resistance of a circuit connected
to the mixer output and® the power of radiation delivered
by a local oscillator (a laser in our case). In the heterodyne
regime, whenr, is comparable with the impedance of the
mixer, the responsivity is given by [12, 35]

S =ual dR N
(w) =« a7, (w)
1
X
R(w)I2(dR/AT,)(R/R;, — 1) + Z(o0) /R, + 1

(12)

where Z (o) is the impedance of the mixer at an infinitely
large frequency. The single-side-band noise temperature of
the receiver is

13)

where 7,,, is the output noise temperature of the mixer.
To estimate mixer performance we assunied = 50 Q

and Z(co) = R [11]. Using experimental parameters
(operation point A, figure 5(b)) and the calculated value
of the effective thermal resistance (equations (9), (10)) we
found n ~ 5 x 10™* at a frequency of 1.5 GHz. With
our experimental values of the output noise temperature we
obtained a receiver noise temperature of 20* K at zero
intermediate frequency and>310° K at 1.5 GHz.

We should note that the receiver noise temperature
was calculated using our experimental values of the
operation temperature and available power of the local
oscillator while the estimated optimal power at 79.1 K was
~5 times the power of the laser radiation in our experiment.
Therefore, we believe that operating our HEB at a lower
temperature £70 K) and a higher local oscillator power
should lead to a 30-100 times larger conversion gain in
accordance with equation (11). In addition, the radiation

Tssp =0 Tou
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coupling loss may be reduced by using an anti-reflection [6]

coating for the lens and adjusting the mixer impedance to
the impedance of the antenna. Since our planar antenna
is frequency independent, and the output noise temperature
of a HEB under optimal conditions is nearly constant over

(7]

a wide range of operation temperatures [28], we suggest [8]

that a receiver noise temperature of less thah KGand

an intermediate-frequency band of more than 10 GHz may

be reached at radiation frequencies upaté THz. The

use of another immersion lens (absorption in Si becomes
significant above 6 THz) and a smaller inner diameter of

(9]
[10]

the feed antenna may extend the range of operation up to

~30 THz.

5. Conclusion

We demonstrated that THz radiation can be effectively

[11]

coupled to an YBCO superconducting hot-electron [12]

bolometer and we discussed possibilities for using the
bolometer as a broad-band mixer for heterodyne detection
Because of the high directivity

our quasioptical system allows a simple integration into
We measured the aperture

of THz radiation.

a submillimetre telescope.

[13]

coupling efficiency and the output noise temperature of [14]
our device and estimated a receiver noise temperature of

3 x 10° K at an intermediate frequency of 1.5 GHz. We

suggest that the conversion gain can be 30—100 times largef15]

if the mixer is operated at lower bath temperature and higher
local oscillator power. The radiation coupling efficiency

can be improved by using an anti-reflection coating for the
lens, optimizing the extension length, using another planar

antenna with a smaller polarization loss, and optimizing [16]

the impedance of the micro-bridge. We estimated for an

optimized system a noise temperature of less th&rKifor

radiation frequencies up to 6 THz. We also demonstrated

[17]

that a thickness of the protection layer of less than 10 [18]

nm provided a long-term stability of the HEB and did not

noticeably influence the performance of the device.
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