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ABSTRACT

We present the measurements and the theoretical model on the frequency dependent
noise temperature of alattice cooled hot electron bolometer (HEB) mixer in the terahertz
frequency range. The experimentally observed increase of the noise temperature with
frequency is a cumulative effect of the non-uniform distribution of the high frequency
current in the bolometer and the charge imbalance, which occurs near the edges of the
norma domain and contacts with normal metal. In addition, we present experimental
results which show that the noise temperature of a HEB mixer can be reduced by about
30% due to a Parylene antireflection coating on the Silicon hyperhemispheric lens.

[. INTRODUCTION

Heterodyne spectroscopy in the frequency range from 1 THz to 6 THz yields
important information on astronomical objects as well as on the chemical composition of
the earth’s atmosphere. Some prominent examples are the CIl fine structure line at
1.6 THz and the Ol fine structure line at 4.75 THz, which are major coolant lines of the
interstellar medium. The OH rotational transitions at 2.5 THz and 3.5 THz allow
determination of the OH volume mixing ratio in the stratosphere and provide important
information on the catalytic cycles, which are responsible for the destruction of
stratospheric ozone [1,2]. Superconducting hot-electron bolometer (HEB) mixers are
presently the most promising candidates for quantum limited terahertz heterodyne mixers
at frequencies above 1.2 THz. In a sufficiently small device only electrons are heated by
the incoming radiation providing the response time of the order of the electron-phonon
interaction time. This results in a small noise temperature as well as in intermediate
frequencies of several GHz. Another consequence of electron heating only is the small
power of the local oscillator, which is required for optimal operation of the HEB mixer.

In this article we report noise temperature measurements performed with the
same phonon-cooled NbN HEB mixer in the frequency range from 0.7 THz to 5.2 THz
and develop a model that describes the frequency dependence of the mixer performance.



In addition we present results of an experimental investigation of Parylene as an
antireflection coating for Si at THz frequencies.

1. MIXER DESIGN AND EXPERIMENTAL DETAILS

The lattice-cooled HEB mixer was manufactured from a thin superconducting
NbN film. The film with the nominal thickness 3.5 nm was deposited by dc reactive
magnetron sputtering on a 350 pum thick high resistivity (>@0ckn) Si substrate. The
details of the process are described elsew[3¢4¢ After deposition films usually had a
room temperature square resistance: 600 Q that increased te 660Q at 20 K and
dropped abruptly to almost zero (residual resistance less tHah &t the transition
temperature close to 10 K. The processing during the device fabrication leads to
degradation of superconductivity and the square resistance at room temperature increases
up to=700Q (= 940Q at 20 K) while the transition temperature decreases to a value
slightly above 9 K and the transition width increasess @5 K. The bolometer was
defined by means of electron beam lithography and represented a 1.7 um wide and 0.2
um long bridge connecting the inner terminals of a planar feed antenna. The
complementary logarithmic-spiral planar antenna was lithographed from a thermally
evaporated gold film (for details see Ref.4). According to an estifdtethe
complementary spiral antenna should have an impedance of abQuiviién suspended
in free space. We expeet’? times smaller value for our antenna since it is supported by
the dielectric substrate with the dielectric constaahd the thickness much larger than
the wavelength. The substrate with the HEB was glued onto the flat side of an extended
hemispherical lens from pure silicon.

The mixer performance was investigated at seven different frequencies ranging
from 0.7 THz up to 5.2 THz. Experimental setup, which we used for noise temperature
measurements, has been described elsewhere [6]. Briefly, an optically pumped far-
infrared gas laser served as local oscillator (LO). Signal radiation from the Eccosorb
black body was superimposed on the LO radiation by a mylan éhick beam splitter.

The approximately half-meter long optical path from the black body to the cryostat
window was not evacuated. The intermediate frequency (IF) circuit inside the cryostat
comprised an isolator associated with a bias tee and a low noise (6 K noise temperature)
amplifier. The IF signal was recorded after additional amplification in the 75 MHz
bandwidth centered at 1.5 GHz.

[ll. NOISE TEMPERATURE

Noise temperatures reported in this paper are typical for our devices. The
frequency dependence was usually measured with the same device once mounted in the
holder. Here we report data obtained with the 6-mm lens without antireflection coating.

In Fig. 1 the DSB receiver noise temperature is shown as a function of the LO frequency



between 0.7 THz and 5.2 THz. Also shown is the DSB receiver noise temperature
corrected for optical losses.. In this case the increase of the noise temperature with
frequency follows closely the 10 hv/kg level. For the estimation of the lower cut-off
frequency of our log-spiral antenna we use the criterion [5] A*/2 < C where C is the
maximal diameter of the spira structure and A* is the wavelength in the substrate. For

our design with C = 130 um this yields a wavelength in free space of 884 um (0.34 THz).

The wavelength corresponding to the upper cut-off frequency of the antenna is about 10
times the inner radius at which the actual shape deviates from the ideal spiral [7]. In our
case this is 1.3 um yielding the lower limit 44 um (6.8 THz) for the wavelength in free
space. We, therefore, believe that besides conductivity losses in the gold itself the
antenna does not contribute any frequency dependence to the noise temperature. For an
analysis of the optical losses and the antenna pattern see Ref. [6,8].
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The main contribution to the optical losses originates from the Silicon lens. The
uncoated lens has a reflection loss of about 1.5 dB. Therefore an antireflection coating can
significantly reduce the receiver noise temperature. Parylene is a good candidate as an
antireflection coating. It is a polymer with a refractive index of about 1.62 and therefore
matches closely the required value for a single antireflection layer on silicon, which is
ns”?=1.84. Beside this it has a high thermal stability and is chemically inert with low water
absorption. Parylene is deposited from the gas phase. This results in films of uniform thickness
and high conformity. Parylene exists in different forms. In this study Parylene C was

investigated.



Two plane-parallel samples from high resistivity Silicon (> 5 kQ cm) with a thickness
of 5 mm were prepared. One of the samples was coated on one side with a Parylene layer of
18.5 pm thickness while the other remained uncoated. The transmittance of both samples was
measured in a Fourier-transform spectrometer in the wavelength range between 100 um and
320 pm. The results are shown in Fig. 2. The lowest curve displays the transmittance of the
uncoated Silicon sample and the curve in the middle displays the transmittance of the coated
sample. While the uncoated sample has a transmission between 50% and 53% the coated
sample has a peak transmittance of 64% at 130 um which decreases to 59% and 55% at
100um and 320 um, respectively. From these data the transmittance of the coated Silicon
surface which is relevant for the quasioptical HEB mixer was calculated assuming multiple
reflections inside the Silicon and an absorption coefficient of 0.05[@h The result is
presented in the uppermost curve of Fig. 2. A transmittance of 93% at 130 um is achieved. It
stays above 90% between 115 um and 165 um. This is sufficient for most practical receiver
applications. The solid line in Fig. 2 represents the calculated transmission of a single layer of
Parylene on a Silicon substrate.
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Fig. 2. Transmittance of Silicon with and without a coating of Parylene C.

The thickness of the Parylene layer and its absorption coefficient were chosen to give
the best match between the measured and the calculated curve. From this we derive a layer
thickness of 20 pm and an absorption coefficient of 25 dor Parylene C. Both are
independent of the frequency in the considered range. The thickness as derived from the
optical data is slightly higher than measured with a profiler which yielded 18.5 um. This
difference is well in the error limit of both methods. The absorption coefficient is significantly
lower than the previously reported one of 75%cfi0]. However, all measurements are
indirect, i.e. the absorption coefficient is derived from transmittance measurements of a
sample coated by Parylene and not by a direct transmission measurement of Parylene itself. In
addition the quality of the film may differ and contribute to different absorption coefficients.

The improvement of the noise temperature due to a lens coated with Parylene C was
investigated for two HEB mixers. Two lenses each with a diameter of 6 mm were made from
the same silicon crystal. One of the lenses was coated with an 18.5 um thick Parylene C layer.



For both HEB mixers the noise temperature was measured at four different frequencies
between 0.7 THz and 2.5 THz by using the coated lens as well as the uncoated lens. In Table 1
the results are shown. A significant improvement of about 30% was achieved at 2.5 THz. This
improvement decreases towards the smaller frequencies as it is expected because the thickness
of the Parylene layer corresponds to about a quarter wavelength at 2.5 THz. Fig. 3 illustrates
the relative improvement, i.e. the difference in noise temperature divided by the noise
temperature measured with the uncoated lens. Also shown is the relative improvement as it is
expected from the transmittance measurements described above. In this case, the relative
improvement is the difference in transmittance between the coated and the uncoated flat
Silicon sample divided by the transmittance of the uncoated sample

Freq. [THZ] Device A, T [K] Device B, T [K]
no AR coating Parylene coating no AR coating Parylene coating
0.693 2200 2100 5300 5300
1.397 2700 2300 7600 5500
1.627 2800 2200 7500 6200
2.523 3900 2500 9400 6500

Table 1: DSB receiver noise temperature for two HEB mixers. Both were measured with a Silicon lens
with and without a Parylene antireflection coating.

40~
1 Relative Improvement of:
_ 354 ° e T Device A
S ] T __Device B
— 30 . rec .
S ] Transmittance (from measurements)
£ 25 - --- Transmittance (calculated)
5 |
Qo -
g%
2 15-
g ]
e 104
5- IRRREE .-
1 n
0 .

T T T T T T T T T T |
200 250 300 350 400 450

Wavelength [um]

T T T T
100 150

Fig. 3: Relative improvement of noise temperature and transmittance due to coating with Parylene C.

V. FREQUENCY DEPENDENCE OF THE MIXER PERFORMANCE

We discuss now features, which can not be understood in terms of the traditiona hot-
electron model. This model suggests that the mixers under optimal operation may be driven
into either guasi-homogeneous [11] or non-uniform resistive state [12,13]. In both cases,
though, the energy of the quantum corresponding to the LO frequency is supposed to be large



compared to the actual magnitude of the energy gap. Consequently, it is further supposed that
absorption of radiation in the mixer is spatialy uniform while the Joule heating due to bias
occurs only in those parts, which are driven in the normal state. With an appropriate set of
fitting parameters, both approaches fairly well describe current-voltage characteristics of the
hot-electron mixer and predict reasonable values of the noise temperature and conversion
efficiency. These models suggest that the noise temperature of the mixer, when corrected for
optical losses, should not depend on the LO frequency unless it approaches the quantum
limited value hv/ks. On the contrary, analysis of the experimental data in the LO frequency
range from 0.7 THz to 5.2 THz shows [6,8] that the DSB system noise temperature of the
lattice-cooled hot-electron NbN mixer increases with frequency and that this increase can-not
fully account for the optical losses. In this section we compare the performance of the same
mixer optimally operated at LO frequencies 2.5 THz and 0.7 THz (118.8 um and 432.6 pm)
using the setup described earlier in this paper. Thorough analysis of the experimental data
shows that there are more features in contradiction with the traditional model.
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Current-voltage characteristics (CVC) of the mixer are presented in Fig. 4. One can
clearly see that optimal operation regimes for 2.5 THz and 0.7 THz are different and so are the
CVC recorded with optimal LO power. It is worth noting that the ac resistance does not
change much, thus providing in both regimes approximately the same matching of the device
to the IF network. Characteristics recorded at an elevated temperature without local oscillator
differ in shape from characteristics recorded at optimal LO power, although the temperature in
the former case was adjusted in order to provide the best possible match between the two types
of characteristic. Moreover, the noise power under optimal operation is noticeably larger when
the mixer is pumped by the LO with smaller frequency. The corrected system noise
temperature at 2.5 THz amounts 1140 K that is 1.6 times the corrected noise temperature at
0.7 THz, whereas the noise of the HEB drops almost twice within the same frequency interval.
This observation implies that the mixer conversion efficiency decreases from -10 dB at
0.7 THz to -14.5dB at 2.5 THz. The frequency dependence of the conversion efficiency may
arise from the intrinsic mixing mechanism as well as from the frequency dependent coupling
of radiation. We first consider the mixing mechanism.



A) Intrinsic Mixing Mechanism

Since the thermal approach relying on an elevated effective temperature of electrons
and phonons does not suggest any frequency dependence we take into account effects inherent
to the superconducting state. Indeed, it has been shown that suppression of superconductivity
due to irradiation occurs differently depending on the energy of the radiation quantum hvy, i.e.
whether hv-24 (4 is the energy gap) is smal or large compared to the energy gap.
Qualitatively, the high frequency limit corresponds to the steady-state nonequilibrium
distribution function of quasiparticles, which are spread over the energy interval from A4 to hv.
In the limiting case, hv >> 24, the temperature dependence of the energy gap under irradiation
flattens compared to the equilibrium situation [14].

In the opposite limiting case, hv -24 << 24, quasiparticles are produced in the narrow
energy interval above the gap. Detailled calculations of the nonequilibrium distribution
function [15] show that, indeed, excess quasiparticles are located mostly around the energy
hv/ 2 above the gap edge. The localized nonequilibrium distribution suppresses the energy
gap in a manner similar to that suggested by the pu*-model [16]. In particular, this model
predicts that under external pair breaking the gap initially decreases down to the value 0.62 4
at which the first-order transition to the normal state occur. At small disturbances the first
order transition is also expected for the energy gap versus temperature whereas under strong
disturbance the slope of the transition becomes smoother and reaches the value typical for the
transition in equilibrium. Thus, the rate of the gap decrease under externa pair breaking
should be larger at smaller radiation frequencies. In the mixing experiment, the difference
between two limiting cases can be detected only if the resistance of the mixer in the operation
point depends directly on the energy gap. We consider the superconducting strip with a normal
domain. The bias current passing the interface between the domain and the remaining
superconducting portion of the strip generates charge imbalance in the superconducting side.
This is accompanied by penetration of the electric field into superconductor over the distance
/le. Each side of the domain contributes additional resistance p/e /S (o is the normal
resistivity and S is the cross-section of the strip). The same additional resistance appears at
each contact of the bolometer with normal metal. This ssimple picture strictly holds only if the
penetration depth of the electric field is comparable or larger than the thermal healing length
At = (D19)"2, which controls thermal smearing of the domain walls and, on the other hand,
represents the smallest length of the norma domain. Here 7pand D are the electron cooling
time and electron diffusivity, respectively. We estimate that for our NbN films in equilibrium
at T=0.9 Tc both thermal healing length and penetration length equal approximately 25 nm.
Under optimal operation, the local oscillator suppresses the energy gap in the superconducting
part of the bolometer. Though the exact value of the gap is hard to calculate, an estimate can
be made comparing CVC (see Fig. 4) recorded with and without LO power. In our case the
energy gap at optimal operation approximately equals the equilibrium energy gap at
T =0.9 Tc. At optimal bias the dc resistance of the HEB ranges typically from 1/3 to 1/2 of the
normal resistance that corresponds, for a 200-nm long device, to the normal portion of about
80-nm length. Thus, the charge imbalance may be responsible for the part of the resistance
under optimal operation conditions. Both dr/dW and dr/dT, which mainly determine the
conversion efficiency and the electric noise due to thermal fluctuations, bear contribution from
the norma domain and from the charge imbalance regions. The contribution due to charge
imbalance is determined by the actual value of the energy gap in the superconducting part of



the strip and, therefore, depends on the radiation frequency. The present qualitative model
appears capable to explain why pumping of the mixer by the LO with larger frequency results
in the decrease of the output noise. The model aso suggests smaller conversion efficiency at
higher LO frequencies due to the decrease of dr/dW. The mechanism described above does not
necessarily result in variations of the system noise temperature with frequency since changes
of the output noise power and conversion efficiency may compensate each other.

B) Coupling Efficiency

Dependence of the mixer performance on the LO frequency may arise due to the
change of the coupling efficiency. We consider here coupling of the high frequency current
flowing in the arms of the planar spiral antenna with the superconducting bolometer. The
simplified, athough, relevant prototype is an infinitely long slot line on a dielectric substrate
and a metal strip which bridges opposite sides of the line to mimic the bolometer. Since the
resistivity of the bolometer for the LO frequency is large compared to the resistivity of the
contacts and its width is much smaller that the wavelength, one can use the quasi-static
approximation to find the distribution of the current in the strip. Inside the strip, the electric
field E of the frequency wsatisfies the equation [17].

. W Hy E (2)

The thickness of the bolometer is small compared to the skin depth = (20 /)™, which in
turn is much larger then the electron mean free path in NbN. We, therefore, deal with the
normal skin effect and uniform distribution of the high frequency current through the film
thickness. If the high frequency voltage U is fixed at the antenna terminals, the solution of Eq.
1 for the current distribution across the strip j(X) = E(X)/p, is given by

§(X) = J, (csh® (x/ 8) cos? (x/ &) +i sh? (x/ 8)sin? (x/ 5))
2
i :%[csh(aIZJ)cos(a/ZJ) +ish(a/2d)sin(a/23)]™ @)

n

where x varies from —a/2 to a/2 ahds the bolometer length. Fig. 5 shows the distribution of
the dissipated powed(j(X)j* (X))*? according to Equation 2 for frequencies 2.5 THz and
0.7 THz in a 1.7um wide strip having the normal resistivity 318 that is typical for our
devices. One can see that at 2.5 THz power is absorbed mostly near the bridge edges. The
central part of the strip remains in a regime, which is not optimal and effectively shunts the
peripheral area of the device. The non-uniformity should result in the conversion efficiency
smaller than it could be in the case of the uniform distribution of the high frequency current.
Thus, hampering of the conversion efficiency due to non-uniformity should strengthen for our
devices with frequency in the relevant frequency interval. Knowing the distribution of the
current, it is straightforward to calculate the effective impedance of the strip and the coupling
between the antenna and the mixer. For the equivalent circuit comprising the bolometer with
the normal square resistanBg and the antenna with the real impedaRgethe radiation
coupling efficiency is given by



4§275 sh(a/20) +sin(a/ 20)
R, L csh(a/2d)-cos(a/29)
sh(a/20) —sin(a/ 20) ng sh(a/29) +sin(a/ 29) +F%125§
(al20) —cos(al 20) (al2d0)—-cos(al/20) R, L

K= 3

Due to the non-uniform distribution of the high frequency current, the conversion
efficiency of the mixer should have approximately the same frequency dependence. We,
therefore, compare the frequency dependence of the noise temperature with K? that accounts
for both frequency dependent contributions. For calculations we used the antenna impedance
25 Q, the normal square resistance 900 Q and actual parameters of our device. Results of
simulation are presented in Fig. 1. There is reasonable agreement between model results and
experimental data at frequencies up to 4 THz. In this frequency range, decrease of the
conversion efficiency with LO frequency explains almost uniquely the degradation of the
mixer noise temperature. At higher frequency, displacement currents, which we did not take
into account, may cause additional decrease of the coupling efficiency. Contribution to the
frequency conversion that arises from the charge imbalance area may aso modify the
frequency dependence of the noise temperature. We believe that the frequency dependent non-
uniform distribution of the high frequency current and the frequency dependent excess noise
due to charge imbalance are both responsible for the increasing noise temperature of the HEB
mixer at terahertz frequencies.
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VI. CONCLUSION

We have shown that the noise temperature of the lattice-cooled hot-electron bolometer
mixer increases with frequency and that this increase can not be explained neither by the
frequency dependent parameters of the coupling optics nor by the conventional models of the
hot-electron bolometer. We have developed a new model, which takes into account the non-
uniform distribution of the high frequency current in the bolometer and the frequency
dependent contribution to the electric noise and conversion efficiency steaming from charge
imbalance phenomenon. We have demonstrated that the former effect explains ailmost by itself



the frequency dependence of the corrected noise temperature and the magnitude of the
conversion losses in the frequency range from 0.7 THz to 4 THz. Further improvement of the
performance of the HEB mixer may be achieved making use of narrower bolometers. This
should result in more uniform current distribution and, consequently, in better coupling. To
maintain the resistance of the bolometer and, thus, the maximal coupling efficiency
unchanged, the length of the bolometer should be proportionally decreased. In addition, we
have shown that Parylene works as an antireflection coating for Silicon at terahertz
frequencies. An improvement of the noise temperature of about 30% at 2.5 THz was achieved
by using a Silicon lens with a Parylene coating.

The work was supported by the German Ministry of Science and Education (WTZ
RUS-149-97) and NATO Division of Scientific Affairs.
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