16th International Symposium on Space Terahertz Technology

Hot electron bolometer mixer

for 20 - 40 THz

frequency range

M.I. Finkel, S.N. Maslennikov, Yu.B. Vachtomin, S.I. Svechnikov
K.V. Smirnov, V.A. Seleznev, Yu.P. Korotetskaya, N.S. Kaurova, B.M. Voronov, and G.N. Gol’tsman
Moscow State Pedagogical University, Moscow, 119992, Russia, Email: goltsman@mspu-phys.ru

Abstract—The developed HEB mixer was based on a 5§ nm
thick NbN film deposited on a GaAs substrate. The active area
of the film was patterned as a 30x20 pm? strip and coupled
with a 50 Ohm coplanar line deposited in situ. An extended
hemispherical germanium lens was used to focus the LO radiation
on the mixer. The responsivity of the mixer was measured in a
direct detection mode in the 2564 THz frequency range. The
noise performance of the mixer and the directivity of the receiver
were investigated in a heterodyne mode. A 10.6 xm wavelength
CW CO:; laser was utilized as a local oscillator.

Index Terms—Superconducting radiation detectors, Hot carri-
ers, Bollometers, Mixers.

I. INTRODUCTION

The fact that the use of superconducting NbN hot electron
bolometer (HEB) mixers has been planned for several widely
known ground-based, stratosphere, and space—based platforms
proves that their further improvement is the most promising
for quantum limited terahertz heterodyne receivers at the fre-
quencies above 1.3 THz. Indeed, it can be seen from fig. 1 that
at these frequencies the most admissible noise performance is
demonstrated by quasioptical or waveguide coupled NbN HEB
mixers which show the values of the noise temperature close to
Shf%, where f1o is the local oscillator (LO) frequency. The
use of a planar antenna or a waveguide in the mixer, on the one
hand, enables us to decrease the volume and, consequently,
to decrease the required LO power (to ~ 1 puW) at the
LO frequencies of several THz. On the other hand, it causes
well known imperfections from which the most noticeable is
the parasitic resistance of the contacts between the antenna
and the sensitive NbN bridge (some improvement of the
contacts has been achieved and reported in [1] recently), that
becomes more essential when f1 o is increased. However, this
imperfection can be eliminated by exclusion a separate antenna
and, consequently, mentioned contacts from the mixer chip at
all and making the sensitive bridge to be directly lens coupled.
The reasonable dimensions for such a bridge are diffraction
limited for certain value of fo. Although in most cases it
means significant increase in the volume and, consequently,
optimal LO power of the mixer, such a solution looks justified
if we take into account that the requirements for the optimal
LO power can be covered by recently developed quantum
cascade lasers which can provide the power of ~ 1 mW.

It should be noted that further experiments with NbN HEB
mixers can provide an additional information and, conse-
quently, can lead to a better understanding of the hot electrons
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Fig. 1. Noise temperature (1) versus LO frequency (fro) and mixer
type. Solid line corresponds to Tp, = 10%0—. All the references for given
graph are formated and shown below. The format is {<LO frequency, THz>,
<noise temperature, K>, <reference>}. SIS: {0.31, 60, [2]}, {0.34, 60,
[2]}, {0.618, 145, [3]}, {0.65, 136, [4]1}, {0.69, 250, [51}, {1.13, 650,
[61}, {1.2, 550, [71}, {1.25, 760, [8]}. Schottky, T' > 77 K: {0.2, 1000,
[91}, {0.42, 1120, [10]}, {0.5, 4800, [11]}, {0.59, 1608, [12]}, {0.64, 2720,
[12]}, {0.69, 2970, [12]}, {1, 7100, [13]}, {1.5, 10000, [13]}, {2, 12000,
[13]}, {2.5, 24000, [14]}, {2.5, 16800, [15]}, {4.750, 70000, [13]}. Schottky,
T ~ 4.2 K: {0.585, 880, [16]}, {2.000, 5000, [17]}, {2.500, 8500, [13]}.
Waweguide HEB: {0.430, 410, [18]}, {0.636, 483, [18]}, {0.810, 1250, [19]},
{0.840, 560, [19]}, {0.840, 440, [20]}, {1.035, 1600, [19]}. Quasioptical
HEB: {0.620, 500, [21]}, {0.700, 370, [22]}, {0.750, 600, [23]}, {0.910,
850, [23]}, {1.100, 1250, [23]}, {1.560, 1000, [24]}, {1.620, 700, [25]},
{2.240, 2200, [24]}, {2.500, 1100, [25]}, {2.500, 1300, [26]}, {3.100, 4000,
[271}, {3.800, 3100, [26]}, {4.300, 5600, [27]}, {5.200, 8800, [27]}. .

and the heterodyne detection phenomena if the operating
frequency significantly differs from conventional one for the
antenna coupled mixers. The frequency range of 20--40 THz
looks the most reasonable for the first step experiments al-
though at lower frequencies the performance of NbN HEB
mixers may be better. In this frequency range, the NbN HEB
mixers can be applied in space based planetary, solar and Earth
science [28].

The first results on characterization of the directly coupled
NbN HEB mixers at the frequencies of 25+60 THz are given
below in sections “Fabrication process”, “Characterization”,
and “Conclusions”.

II. FABRICATION PROCESS

The key steps of the fabrication process are schematically
shown in fig. 2.
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A NbN/Au double-layer system is deposited on the epi—
polished side of a semi-insulating GaAs substrate. Before the
deposition the substrate is precleaned in acetone and isopropyl
alcohol.

1 GaAs 2

B

3 L4

Fig. 2. The route of the structure processing. 1. NbN/Au double-layer system
deposition on epi—polished side GaAs substrate. 2. Patterning of contact pads.
3. Patterning of sensitive bridge. 4. Chemical removal the NbN film outside
of the bridge.

Ultrathin (5 nm) superconducting NbN film is deposited
by dc reactive magnetron sputtering of Nb target in Ar and
Nj mixture in a Leybold Heraus Z—400 sputtering unit [29].
Residual pressure is 5-10~7 mbar. During the NbN film
deposition, the substrate is heated to 350 °C. The Ar partial
pressure is 5-1073 mbar, and Ny partial pressure is 10~% mbar.
The sputtering is carried out at a discharge current of 300 mA
and a voltage of 400 V. A 100 nm thick Au film is then
deposited in situ on the NbN film by dc magnetron sputtering
at 100 °C. The parameters of the superconducting film are
the following: the critical transition temperature is 9.4 K;
superconducting transition width is 0.6 K; sheet resistance is
570 £ and ratio Rago/Rzg ~ 0.7.

The layout is patterned by photolithography using a Karl
Suss MA 56 mask aligner. At first the contact pads are formed,
and then the topology of the sensitive bridge (30x20 um?) is
patterned.

At the last stage the GaAs substrate is scribed into the chips
(3x3 mm?) that are cleaned in acetone to strip the photoresist.
One of the chips prepared is shown in fig. 3. Although the NbN
film thickness is no more than 5 nm, the sensitive element
appears as a mesa-structure caused by high etching rate of
GaAs during the NbN film removal process.

Fig. 3. SEM photos of directly lens coupled NbN HEB mixer.
III. CHARACTERIZATION
A. Noise performance

The experimental setup for the noise performance charac-
terization of directly lens coupled NbN HEB mixers is shown
in fig. 4. As a local oscillator (LO) a 10.6 um wavelength CW
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Fig. 4. Experimental setup.

CO, discharge laser is used. Its radiation power is attenuated
and focused by a system consisting of two off-axis mirrors,
several black body terminations and a handled diaphragm. In
order to superimpose the radiations of LO and a signal source
a beam splitter is used. Signal source (600 K black body
or 1200 K filament, T}) radiation is chopped with a room
temperature T¢o;q black body load. A liquid helium cryostat
equiped by a Ge input window is utilized to cool the mixer to
its operating temperature (4.2 K). The mixer block includes
Ge extended hemispherical lens (diameter D ~ 12 mm,
extension lenght ~ %D) with a mixing device positioned on
the flat surface side. The intermediate frequency signal is
guided out of the chip via a 50 Ohm coplanar line which is
soldered to an SMA connector. A bias tee is used to feed the
bias to the mixer and to transmit the intermediate frequency
signal to low noise (noise temperature of ~ 6 K) HEMT
amplifier (1.3+1.9 GHz). The output signal is detected by
a broadband microwave detector and processed for Y-factor
calculation.

It should be noted that for the noise temperatures close to the
quantum limit the term correspondent to the zero fluctuations
(quantum) noise is not negligible in the expression for Y-
factor: L N

iD(fro,Th) + 2o 4 TSW

- 1D(fro, Teota) + 2ke +TCW

4y

where T.CW is the receiver’s equivalent noise power per unit
bandwidth divided by k£ given at the input (receiver’s Callen
& Welton noise temperature [30]), and

D, T) = % @
exT —1

is the radiation spectral density of the black body load at a

frequency of v and a temperature of 7.

In the experiments, the values of the Y—factor were mea-
sured at the setup described above using both a ~ 1200 K
filament and 600 K black body loads, and then the values
of TEW were calculated for several operating points (fig. 5).
For the optimal operating point the values of 7" are shown
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Fig. 5. IV—curves and several values of the noise temperature given at the
points near the optimal IV—curve.

TABLE 1
DEPENDENCE OF Y-FACTOR AND NOISE TEMPERATURE VERSUS
TEMPERATURE OF HOT LOAD T},.

T,K| Y|TSW K
600 | 1.06 2300
1200 | 12 2400

in table 1.

It should be noted that, due to significant increase in the
device volume, the contribution of the effect of direct detection
to the value of the output signal [26], [31] was negligibly small
and, consequently, could not appreciably distort the values
of TEW.

B. Optimal LO power

So called isothermal method was applied to estimate the
value of the optimal LO power absorbed. In particular, for the
point 1 (close to optimal one, fig. 5), LO power absorbed was
deduced from the equations (3) and (4). As the resistances
at the points 1 and 3 (fig. 5) are equal, for the electron
temperatures at these points it should be true that 77 = Ty,
and consequently, for LO powers absorbed PLC, PLO, bias
voltages U;, Us and currents 7, I3 it can be written:

PO U I, = PFO + Usls 3)

The transition from point 1 to point 2 is done by 3 dB
attenuation of the LO power, that gives another equation:

PLO ~2pPLO ~ opLO

“)

From (3) and (4) the estimated value of the absorbed
LO power at the operating point close to the optimal one is
PLO ~ 16 uW.

C. Receiver’s beam pattern

The beam pattern of the mixer+lens system was measured
in the heterodyne mode with a chopped 1200 K filament
as a signal radiation source. The result is shown in fig. 6.
It can be seen that beam pattern obtained is essentially
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narrower than that of mixer—log-spiral—lens antenna system
at 2.5 THz [32] (dotted line in fig. 6).

D. Receiver'’s responsivity versus frequency

The responsivity of the receiver was investigated in the de-
tection mode using a chopped filament and a room temperature
black body as the signal loads which radiated a power d P per
solid angle df?, area dSy,, and bandwith dv of

dP 2h183 1
= ) = ®)
dSppdQ2dr c erxT — 1

(here T' was the temperature of correspondent load). In the
case when both the angle « and solid angle Q (fig. 7) are
small (S; < 12, Sy, < I, where S is the area of the input
diaphragm mounted in the cryostat in front of Ge lens) the
expression for the incident power per unit bandwidth can be
written as

= DSQ,,(II, T)

dpP
a—-]—/- ~ DSQV(I/, T) . Sbb . Q =

_ a?S;Thy? 1
a 2c? erF — 1

In order to obtain a rough dependence of the receiver’s
responsivity versus frequency a set of bandpass dispersion
filters was used (fig. 4, 8). For certain filter the responsivity
can be deduced using (6) and expressed as:

U,
f()oo T(l/) (DV(V7 Tbb) - DV(Vy Tr)) dI/

where 7 (v) is the dependence of the filter transmission versus
frequency, T, ~ 296 K and Ty, ~ 1200 K are the room
and filament temperatures, respectively, and U, is the response
voltage.

In the experiments, U, was measured by a lock—in amplifier
for each filter of the set, and then the responsivity was
calculated using (7) (fig. 8). It can be concluded that at
the frequencies < 30 THz the device responsivity is cut by
Ge input window of the cryostat and the lens, while at the
frequencies 2 30 THz the responsivity is almost flat and close
to 70 .
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Fig. 6. Receiver’s beam pattern. Dotted line corresponds to the beam pattern
of the system consisting of Si lens, spiral antenna and mixer at 2.5 THz [32].
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Fig. 7. Denotations for a black body load and the input diaphragm mounted
in the cryostat in front of Ge lens.
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Fig. 8. The dependence of the receiver’s responsivity versus frequency (filled
circles) and the transmissions of the bandpass filters used in the experi-
ment (lines).

IV. CONCLUSIONS

At high frequencies directly lens coupled NbN HEB mixer
shows lower noise temperature than antenna coupled one. First
experiment with NbN HEB at 30 THz gives the noise tempera-
ture about 2300 K that is close to 3 times of the quantum limit.
For the 30x20 um? device the optimal absorbed LO power
is about 16 uW that is relatively easy to get from solid state
sources in the middle IR. The responsivity of the device versus
frequncy is almost flat and is about 70 % in the frequency
range of 25+60 THz.
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