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A phase-sensitive terahertz heterodyne mixer of a new type based on a cold-electron bolometer is proposed. In
this mixer, a normal-metal thin-film absorber is connected to a planar antenna via superconductor—insul ator—
normal metal (SIN) tunnel junctions, thus forming a SINIS structure. The SINIS mixer combines the advan-
tages of a hot-electron bolometer (HEB), such as ahigh signal frequency at asmall local oscillator power, with
the advantages of an SIS mixer, including low noise level, a high intermediate frequency, and wide working
temperature range (up to acritical temperature of the superconductor). In contrast to the HEB and SIS mixers,
the proposed device is less sensitive to external magnetic noise and exhibits no additional noise related to the
superconducting transition and the Josephson effect. © 2005 Pleiades Publishing, Inc.

PACS numbers; 74.50.+r, 85.25.Pb

Introduction. At present, high-sensitivity super-
conductor mixers for the terahertz frequency range are
of two main types, which are based on a superconduc-
tor—insulator—superconductor (SIS) structure and a hot-
electron bolometer (HEB). The SIS mixer alows a
noise temperature lower than 100 K (which is equiva-

lent to several quantum noise limits T7 = hf/k) to be

reached at frequencies below 1 THz [1]. However,
above 700 GHz (which corresponds to the energy gap
for niobium) or twice as high afrequency (for niobium
nitride), the noise temperature of SIS mixers increases
sharply. In HEB mixers [2], the noise temperatures at
frequenciesabove 1 THz are on the order of 1000 K and
can be approximately evaluated as T,, = 10hf/k [3]. The
principle of the HEB mixer operation is substantialy
different from that of traditional modulation type mix-
ers (such as the SIS mixer), in which the conductivity
of anonlinear element ismodulated at alocal oscillator
(LO) frequency. The conductivity of an HEB mixer
cannot be modulated at such a high LO frequency
because this structure is too inertial and cannot follow
a terahertz heterodyne frequency. Instead, this slow
mixer detects an average interference signal, this
resembling the situation in a Fourier spectrometer,
where an acoustooptical detector or some other slow
detector measures an interference signal at the output of
a Michelson interferometer. Both SIS and HEB type
mixers have their own advantages and drawbacks with
respect to the frequency range, sensitivity to thermal
and magnetic fluctuations, excess noise, and losses.

Recently, a cold-electron bolometer (CEB) was pro-
posed [4] and successfully implemented as the incoher-
ent detector with a noise-equivalent power (NEP) of

10718 W/HZY2, This device offers a number of advan-
tages, the most important being the possibility of elec-
tron cooling, which provides an increase in the
response signal and a decrease in the noise level. This
possibility opens the way to the creation of low-noise
detectors of both incoherent and phase-sensitive types.
Such a CEB mixer design combinesthe elementsof SIS
and HEB structures, comprising a thin-film absorber
connected to aplanar antennavia superconductor—insu-
lator—normal metal (SIN) tunneling junctions. In con-
trast to an incoherent CEB operating at millikelvin tem-
peratures, CEB mixers operate in the region of conven-
tional helium temperatures. This circumstance
increases the response frequency from 10-100 MHz up
to 1-10 GHz, which corresponds to the standard het-
erodyne frequencies.

Bolometric mixer operation principle. A power
mixer can be considered as the combination of a power
detector and an interferometer, in which the interfer-
ence of the detected and heterodyne signalsleadsto the
appearance of an interference component of the
detected power. In the typical case, whereby the LO
power is much higher than that of the signal to be
detected, we can describe the output signal as

E(t) = coswt + acos(w + d)t
= (1—a)coswt + a[coswt + cos(w+ t] = E1 + E2.

Let us consider the second term in the case when the
two amplitudes are equal:

20+ 6tcos§t. (D)

coswt + cos(w+ d)t = 2cos > 5
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This interference signal, representing a combination of
two waves, heats the absorber. The total power
absorbed in the bolometer at an arbitrary ratio of the
component powersis

ELE
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Averaging at the signal frequency yields
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In the case of equal signal and L O powers, this expres-
sion simplifiesto

P(t) = (a®/R)(1- cosdt). ©)

This formula shows that the absorbed power varies
from zero to a certain maximum and the average power
isthe sum of two equal initial components: P = a?/2R +
a?/2R=a?R.

If the LO power is greater than the signal power, the
interference term is automatically formed with only a
fraction of the former power corresponding to equal
amplitudes. This implies that the LO power can be as
small asthe signal power. In order to provide for a suf-
ficiently large dynamical range, the LO power should
be increased to a level corresponding to the maximum
expected signal.

CEB as a mixer. In the case of operation at mil-
likelvin temperatures, the CEB response is rather slow
(not exceeding several megahertz), since the electron—
phonon interaction sharply drops with decreasing tem-
perature. As the phonon temperature growsto a helium
level, the interaction increases and its power can be
expressed as

Pep = ZV(To=Tpn), (4)

where 2 isthe material constant, v isthe volume, T, is
the phonon temperature, and T, is the electron temper-
ature. The effective thermal relaxation time constant in
the absence of an electrothermal feedback (electron
cooling) can be evaluated using the simple relations
Tp= C/J/Gg, T = Ty/(L + 1), where C, = vyT, is the

absorber heat capacity, G4, = 52T, is the electron-
phonon thermal conductivity, and L = G.,,/Gg, is the
electrothermal feedback gain. Numerical estimates of

cos(2w + Ol — coséq]
a2

2

P(t) = — cosot. 2
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the thermal time constant yield 10 us at 100 mK and
150 psat 4.2 K. The electron cooling reduces this value
by a factor of 10-100, depending on the cooling effi-
ciency. As a result, the intermediate frequency cutoff
may reach 10 GHz, which corresponds to the working
range of intermediate frequency amplifiers used in
coherent receiversfor radio astronomy, where the noise
temperature does not exceed 10 K.

The power conversion factor can be evaluated pro-
ceeding from the basic relations for the electron cool-
ing: if the input heating signal power Py is fully com-
pensated by electron cooling, the electron temperature
remains constant. Since the energy removed per elec-
tron of the cooling current is KT, we have P = Pgq =
KTAl/eor | = ePg4/KT. The power dissipated in theinter-
mediate frequency load can be estimated as resulting
from simple Joule heating by the intermediate-fre-
guency current at a bias voltage close to the gap volt-
age. For two SIN junctions connected in series, this
yields P = 2V, Al = 2eV,Pgy/(KT). Then, the power
ganis

G = P\/Pgq = 26V, /KT = eV, ,/KT. (5)

This value differs from a minimum of 3 dB for the
losses of any classical mixer. Then, the possible power
gain for a niobium bolometer at helium temperatures
canbeestimated at G,,;, = 9. Thus, we have asignificant
gain rather than aloss.

The noise characteristics can be evaluated to thefirst
approximation proceeding from a shot noise of the SIN
junction at the mixer output. We take the input noise to
be zero (for the input signal, the mixer is simply a
matched resistive load equal to the resistance of the
metallic thin-film absorber). The current noise at the

output, If = 2el Af, can be converted into power as P, =
2elRAf = 2eV,Af = KT, Af. This yields the output noise

temperature To" = eV,,/k, which isabout 30 K for nio-

bium. Taking into account the above power gain of G =
eV,,/KT, we obtain a very optimistic estimate for the
noise temperature converted to input: T, =T.

Another important advantage of the CEB mixer is
that matching of the input signal power is achieved
much simpler than that in SIS mixers. Indeed, in our
case, there is no need to compensate for the intrinsic
capacitance of the tunnel junctions because the imped-
ance due to this capacitance is much lower than the real
impedance (resistance) of the metal absorber, which
can be readily made equal to the real impedance of the
complementary planar antennaon a diel ectric substrate
(amounting approximately to 70 Q). Thus, the exact
impedance matching is provided in a broad frequency
range. The matching at an intermediate frequency is
much like that in SIS structures and has been well
developed for SIS mixers.

In order to evaluate the resistances and capacitances
of niobium SINIS mixers, we can use the standard char-
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Fig. 1. General view of the SINIS bolometer integrated with
a log-periodic planar antenna (bright field corresponds to
metallization layers).
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Fig. 2. Central part of a planar antenna with the SINIS
bolometer.

acteristics of SIS junctions with aluminum oxide barri-
ers[5]. These structures are characterized by the prod-
uct R\A (R, isthe normal resistance and A isthe area of
the junction) within 25-30 Q um?, which corresponds
to acurrent density of 7-8 kA/cm? and a specific capac-
itance of 70 fF/um?. Thus, for ajunction area of 1 un?,
the resistance can be about 30 Q and the capacitance,
about 70 fF. At an intermediate frequency of 4.5 GHz,
the capacitive impedance amounts to about 500 Q and
the normal resistance, to 30 Q. The absorber resistance
to be matched with a planar antenna at a given signal
frequency isabout 70 Q. Asaresult, the matching at the
intermediate frequency has to be provided between a
130-Q impedance of the SINIS structure and a 50-Q
impedance of the standard cooled intermediate fre-
guency amplifier, which is readily achieved using a
guarter-wave coplanar matching transformer with a

TARASQV, KUZ'MIN

characteristicimpedance of 80 Q. By implementing the
tunnel junction technology [6] and using an AIN barrier
with R,A =1 Q pum?, one can completely eliminate the
problem of matching at the intermediate frequency.
Indeed, a contribution dueto the seria resistance of the
tunnel junction in this case decreases down to several
ohms, and the impedance at the intermediate frequency
is determined by the absorber resistance that can be
taken equal to 70 Q for matching to the planar antenna
at the signal frequency.

CEB development and investigation. In order to
study the limiting characteristics of CEBs, we have
developed the first generation of such devices using a
standard technology for the thermal deposition of tun-
nel junctions viaasuspended two-layer resist mask. An
aluminum film was deposited at an angle to the sub-
strate and then oxidized so asto obtain atunneling bar-
rier. A copper absorber stripe with a length of 10 um
was deposited perpendicularly to the substrate. The
sampl e structures were formed on oxidized silicon sub-
strates by means of electron-beam lithography fol-
lowed by thermal deposition via a mask. In the first
step, a 160-nm-thick Cr—-Au—Pd layer was deposited in
order to obtain contact pads and planar antennas. Then,
the bolometer structure proper was formed via a two-
layer PMMA copolymer mask in asingle technol ogical
cycle. A bottom 70-nm-thick superconducting aumi-
num layer was obtained by thermal deposition at arate
of 0.3 nm/s. The tunneling barrier was formed by ther-
mal oxidation for 2 min in oxygen at a pressure of
10 Pa. Finally, a 70-nm-thick copper absorber film was
deposited on top of the structure. As aresult, the tunnel
junctions were formed in the regions of overlap
between the oxidized aluminum electrodes and the
absorber film. The junction areas were 0.5 x 0.7 and
0.2 x 0.3 um>.

The bolometerswereintegrated with log-periodic and
double dipole antennas. The general view of the typical
SINIS structure with alog-periodic antennais presented
in Fig. 1. Figure 2 shows a magnified image of the tun-
neling junction. A limiting NEP value of 108 W/HzY?
was determined by dc measurements in a cryostat at
50 mK. The current, voltage, and spectral responses
were measured at atemperature of 280 mK using acry-
ostat with an optical window. As can be seen from the
spectrum presented in Fig. 3, the proposed SINIS
bolometer is capable of detecting radiation in the sub-
millimeter wavelength range with frequencies up to
about 2 THz, which is significantly higher than the fre-
quency corresponding to the energy gap for aluminum.
The NEP at 280 mK was 2 x 107 W/HZzV2, The sample
topology and the procedure of measurements are
described in more detail elsewhere [7]. The time con-
stant of aluminum samples measured using the input
signal modulation technique was on the order of a
microsecond at 280 mK. The characteristic time of the
electron—phonon relaxation in copper is usualy esti-
mated using the relation T, = 20/ T2, according to which
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Response (uV)

Frequency (THz)

Fig. 3. Spectral response of the bolometer in the terahertz
frequency range.

Tg isabout 1 ps at 300 mK and decreases to 0.36 ns at
4.2 K. In order to increase the intermediate frequency
in CEB mixers of the second generation, we intend to
switch from Al-AIOx—Cu to Nb—-AIOx—Pd structures
and measure their characteristics at liquid helium tem-
perature (4.2 K). These changes will alow us to
increase the intermediate frequency above 1 GHz.
According to our estimates, by selecting the absorber
material, changing the film thickness, and introducing
electrothermal feedback, it will be possible to further
increase the intermediate frequency up to 10 GHz.

In conclusion, we have experimentally demon-
strated the implementation of a SINIS structure as an
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incoherent detector. Based on an analysis of the bolom-
eter characteristics, we propose to use CEBs as coher-
ent detectors of radiation in the terahertz frequency
range. These bolometers reduce the level of require-
ments to a cryogenic system and offer advantages over
the existing SIS and HEB mixers with respect to the
signal frequency, response intensity, and noise level.

This work was supported in part by INTAS (grant
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Council), and Kungl Vetenskapsakademien (Roya
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