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Abstract

We report on a hot-electron micro-bolometer fabricated by electron beam lithography consisting of a small normal-
metal absorber capacitively coupled to a planar antenna. Both the thermometer and the coupling capacitors are made
by sub-micron normal metal-insulator-superconductor junctions. By adding two extra Andreev contacts to the ab-
sorber it is possible to characterize the bolometer by dc measurements. © 2001 Elsevier Science B.V. All rights re-

served.
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1. Introduction

We are developing a normal metal hot-electron
micro-bolometer suitable for the detection of in-
frared radiation in the mm and sub-mm range.
Such a bolometer is designed for high sensitive
astronomical observations. The bolometer, which
operates at 0.3 K, consists, in the present config-
uration, of a planar bow tie antenna (3 mm is the
length of each lobe) connected to an absorber
made by a copper micro-strip (volume U ~
0.1 um?). The temperature rise of the absorber is
sensed by an ultra-small thermometer made by
two tunnel junctions of normal metal-insulator—
superconductor (NIS) type [1]. The junctions are
current biased; a change in the temperature reflects
into a change of the voltage Vr across the junc-
tions.
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In general, at low temperature electrons and
phonons are energetically decoupled, so that the
temperature of the electron gas 7y can be made
different from the temperature of the phonon gas
Ton. The electrons lose energy to phonons with a
rate Pypn = ZU(T; — Ty,), where X is material
dependent and is about 4 nW /K> um? for a metal
on a bulk silicon substrate [2]. Making the volume
U small, also the value of P, ,, can be made small,
and this mechanism can be used to obtain a hot-
electron micro-bolometer provided all the other
channels of energy loss are eliminated. In this case,
when the metal absorbs a small power P, the elec-
tron temperature rises to Ty = (T, + P/>U)"° In
our case, with an input power of P =1 pW, at a
bath temperature (considered equal to the phonon
temperature) T, =~ 0.3 K, an electron temperature
change of AT, =~ 45 mK is expected. The contri-
bution of the electron—phonon mechanism to the
total thermal conductance G of the bolometer is
given by Ge pn = dPey pn/dT = 52UTH (=2.5x1071
W/K in our case).
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One possible extra channel of energy loss of the
absorber is through the contacts with the antenna.
In order to avoid the hot-electron escape, this ef-
fect must be minimized by using as coupling con-
tacts either the Andreev reflection mirrors [1] or,
alternatively, the capacitive mirrors [2]. With the
first type of mirrors, realized by means of two ideal
normal-to-superconducting (NS) contacts, the
absorber is electrically coupled to the antenna but
is thermally insulated from it. The drawback of the
Andreev mirrors arises when high frequency pho-
tons, with energy larger than the superconducting
energy gap 4 (>50 GHz for Al), get into the ab-
sorber. In this case, if thermalization of the excited
electrons is not efficient, some of them can reach
the NS contact with an energy larger than 4 and
escape from the absorber increasing in this way the
total thermal conductance G. We plan to test both

P

type of mirrors but our present results concern
the capacitive coupling of the absorber to the an-
tenna. As stated in Ref. [2] the inconvenience in
using this coupling method is that it is not possible
to calibrate the bolometer by using dc measure-
ments with currents of low enough amplitude. We
overcame this problem by adding two extra NS
contacts to the absorber that allowed us to feed
small currents in the absorber itself. Again, such
Andreev contacts ideally should not spoil the ab-
sorber performances with respect to thermal in-
sulation.

2. Bolometer design

Fig. 1 shows the two types (A and B) of bolo-
meters that we fabricated. The type A will be the

Fig. 1. Top: Schematic drawing of two types of bolometer. (a) Type A bolometer: The bolometer is capacitive coupled (through C, and
C,) to the antenna. The thermometer (T; and T,) is made by two NIS junctions. Each coupling capacitor C; consists of two NIS
junctions. (b) Type B bolometer: In this bolometer two extra NS contacts (Andreev A, A,) are added. Bottom: Scanning electron
micrographs of the type A (taken at 60° tilting) and type B (taken at 48° tilting) bolometers in the absorber region. (c) Type A bo-
lometer: Absorber and six sub-micron NIS junctions: at each absorber side end there are the coupling capacitors (two NIS junctions
each) and in the middle there are the two NIS junctions of the thermometer. (d) Type B bolometer: Absorber and six sub-micron NIS

junctions together with the NS contacts (left side).
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final bolometer configuration when the absorber
characterization, achieved with the type B bolo-
meter, will be completed. In both types, we used
the capacitance of the NIS junctions for the ther-
mal insulation of the absorber. This has the ad-
vantage that with the same technique and in the
same process step we can also make the ther-
mometer (consisting of the two NIS junctions T,
and T,). The disadvantage is that NIS junctions
are not completely opaque (like an ideal capacitor)
allowing the tunneling of the electrons. The
transparency of the NIS barrier should be negli-
gibly small for frequencies smaller than 5 x 10
Hz [2]: in this work we want to test its capability to
insulate the absorber from the environment, by
measuring the thermal conductance of our bolo-
meters. The evaluation of the total thermal con-
ductance G of the absorber is important in order to
determine the figures of merit commonly used to
characterize a bolometer. In fact, the power re-
sponsivity S = (d¥7/dT)G~! and the phonon noise
equivalent power NEP,, = (4k372G)"?, depend
from G [3].

Each coupling capacitor C; consists of two NIS
junctions. In the type B bolometer two extra NS
contacts (Andreev Ay, A,) are added to be used for
the thermal characterization of the absorber.

3. Fabrication details

Contact pads, antenna, absorber and NIS
junctions are fabricated on a silicon substrate
coated with about 300 nm SiO,. The planar an-
tenna and the contact pads, made by 80 nm thick
Nb with a 20 nm thick Au capping layer, are de-
fined by photolithography. In this layer we also
define the markers that will allow the realignment
in the successive lithography step. The NIS junc-
tions and the absorber are obtained by electron
beam lithography and shadow mask evaporation
through a mask made by a bilayer of electronic
resists [4]. The evaporation was made at three
different large angles 0. We deposited a first Al
layer, 30 nm thick, at 6 = +52°, a second Al layer,
30 nm thick, at —52° and on top of them a 30 nm
thick Cu layer at 0°, where 6 = 0° is the direction

normal to the substrate plane. We avoid in this
way the supernumerary isolated islands due to the
shadow mask evaporation [5,6]. In the type A
bolometer, before the copper film evaporation, we
oxidize both the first and the second aluminum
film by exposing them to pure oxygen, making in
this way both the thermometer junctions T, and
the coupling capacitors C;. In the type B bolome-
ter, we oxidize just after the deposition of the first
aluminum layer to form the barrier for the NIS
junctions of T; and C;, successively we deposit the
second aluminum layer to form the base electrode
of the Andreev NS contact A; and, at the end, the
copper is evaporated on top of them. The area of a
single NIS junction of the thermometer is about
0.04 pm?, while that of the coupling capacitor is
0.1 um?. The absorber, ~13 pm long and ~0.25
um wide, is made by the copper film.

4. Measurements and discussion

At each side end of the absorber there are two
NIS junctions (see Fig. 1): we can estimate their
sum capacitance C; ~ 10 fF, considering for the
AlO, insulator a specific capacitance of about
50 fF/um?. The effective high frequency coupling
to an external signal is determined by the total
impedance seen by a travelling signal in the bolo-
meter antenna. We consider the impedance of the
antenna Z, ~ 80 Q and frequency independent
[7]. The absorber has a total impedance Z; =
[RY, + (0L — 1/0C)*]"?, where C, = [(1/C)) +
(1/C))] ' ~5fF is the total capacitance and
L.y ~ 45 pH is the strip inductance of the absorber
(considering in our case a specific inductance of about
3.5 pH/um). The absorber resistance R ~ 15 Q
was determined by the four wire measurement
using the contacts A; of the type B bolometer.
The capacitive coupled bolometer has a band-
pass response, centered at fo = 1/(2nv/LasCr) = 330
GHz with Q = 1/wCiRy,s = 6.5. A predefined fre-
quency range can be achieved by changing the total
capacitance C,. The measurements were carried out
in an unshielded environment by using a *He
refrigerator. Filtering was obtained by feed-
through capacitive filters and thermocoax cables
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[8]. We electrically tested the thermal properties of
our normal metal hot-electron micro-bolometer by
feeding a small ac signal i,,, at a frequency f = 8
Hz into the absorber through the NS contacts A,
and measuring the corresponding thermometer
voltage change AVy at 2f (this is because the
thermometer response depends from the power
P = i%, Ryps). For this measure a spectrum analyzer
was used. The thermometer was current biased
approximately in the middle of the superconduct-
ing gap to get the maximum of the temperature
responsivity, dVr/dT ~ 480 pV/K, a figure quite
typical for our NIS junctions [9]. The plot of the
voltage change across the thermometer AVr versus
the power deposited in the absorber P at T, = 330
mK (see Fig. 2a) allows us to estimate both the
power responsivity S = dV;/dP ~ 6.2 x 10° V/IW
and the total thermal conductance G = dP/dT =
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Fig. 2. (a) Thermometer voltage change AVy versus the power
dissipated in the absorber P. (b) Plot of T — T} versus the
power deposited in the absorber P. Both measurements are
taken at a bath temperature T,, = 330 mK.

S~'dV4/dT ~ 7.7 x 10~ W/K. The latter is about
three times larger than the theoretical electron—
phonon thermal conductance Gepn >~ 2.4 X
10~ W/K calculated with a volume U = 0.1 um?.
To understand if the energy losses are due to
mechanisms other than the electron—phonon
thermal coupling, we considered the electron
temperature dependence (in the form 7} — 7)) as
a function of the deposited power P (Fig. 2b) at
Ton = 330 mK. The linear dependence of this plot
indicates that: (a) the electron—-phonon energy
coupling is the basic mechanism of the energy
escape from the absorber, (b) the product
U ~ 1.1 nW/K’. This suggests that the absorber
has an effective volume about a factor 3 larger
than U ~ 0.1 pm?, maybe because of the imperfect
energy decoupling of the NIS capacitors C;. Nev-
ertheless, this can be stated for sure after an in-
dependent measure of X (here assumed equal to
4 nW/um?K°) fabricating an absorber not con-
nected to the antenna. Scaling the thermal con-
ductance value G from the measured value at 0.33
K to the value at 0.30 K, considering the demon-
strated T* temperature dependence, we can pre-
dict at this temperature a phonon NEP,; =
(4ksT2,G)'* = 1.6 x 10717 W/Hz'>. This figure,
however, cannot be directly measured because it is
overhelmed by the noise of the voltage preampli-
fier, even with the best voltage preamplifier avail-
able (with a voltage noise V,, ~ 0.3 nV/Hzl/z),
our total NEP is dominated from the preamplifier
contribution. In fact, the total NEP is the qua-
dratic sum of the NEP,, plus the contribu-
tion coming from the preamplifier, NEP =
(4kT°G + V), /S%)'? (other terms are neglected
[3]) which in the best case gives NEP ~ 5x
10-'7 W/Hz'". In conclusion, we showed that also
using the capacitive coupling between antenna and
absorber it is possible to characterize the bolo-
meter by the dc measurements by adding two extra
Andreev contacts. Improvement of the NEP can
be achieved if the contribution coming from the
amplifier can be made small. This can be obtained
considering that dV;/dT is the temperature re-
sponsivity of a single NIS junction biased in cur-
rent and dV/dT =N(dV;/dT) is that of the
thermometer (in the present case N = 2). By in-
creasing the number of the junctions we can
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responsivity
1/2

increase N times the power
S o« dV/dT, while the noise is increasing N
times.

Acknowledgements

We thank D. Chouvaev, L. Kuzmin, F. Mel-
chiorri and J. Pekola for the discussions. This
work was supported in part by the Italian Space
Agency (ASI), BAR project. One of us (R.L.)
thanks Prof. J. Pekola and the Short Term Mo-
bility Program of the CNR that allowed him to
spend a period of time together with the Nano-
technology group of the University of Jyvaskyla.

References

[1] M. Nahum, J.M. Martinis, Appl. Phys. Lett. 63 (1993) 3075.

[2] Kuzmin, 9th International Symposium on Space Terahertz
Technology, 1998, pp. 99-103.

[3] P.L. Richards, J. Appl. Phys. 76 (1994) 1.

[4] G.J. Dolan, Appl. Phys. Lett. 28 (1977) 337.

[5] A.J. Manninen, J.K. Suoknuuti, M.M. Leivo, J. Pekola,
Appl. Phys. Lett. 74 (1999) 3020.

[6] R. Leoni, P. Carelli, M.G. Castellano, F. Melchiorri, C.
Pasqui, G. Torrioli, Proceedings of the LT22 Conference,
Helsinki, 1999, Physica B 284-288 (2000) 2039.

[7] J.D. Kraus, Antennas, second ed., McGraw Hill, New
York, 1988.

[8] A.B. Zorin, Rev. Sci. Instrum. 66 (1995) 4196.

[9] R. Leoni, G. Arena, M.G. Castellano, G. Torrioli, J. Appl.
Phys. 85 (1999) 3877.



