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We report the electrical properties of an antenna-coupled niobium vacuum-bridge bolometer,
operated at a temperature of 4.2 K, in which the thermal isolation is maximized by the vacuum gap
between the bridge and the underlying silicon substrate. The device is voltage-biased, which results
in a formation of a normal state region in the middle of the bridge. The device shows a current
responsivity of —1430 A/W and an amplifier limited electrical noise equivalent power of
1.4x 10" * W/ Hz. © 2003 American Institute of Physic§DOI: 10.1063/1.1579562

Antenna coupling extends the detectable range of waveracuum bridge, we first assume that the electron and phonon
lengths of bolometers to millimeter waves and beydrfl. populations are at equilibrium; that i8,=T,. We also con-
Antenna-coupled microbolometers consist of a lithographicsider a steady-state treatment, since we estimgtel us,
antenna, coupled electrically to a thermally sensitive elewhich is much faster than any typical signal to be
ment. Incident electromagnetic radiation induces time-detected. The heat flow in the normal region of the bridge is
varying current in the antenna, which is dissipated in arin the steady state given by- «d?T/dx*=V?/(pl,)?p
impedance-matched bolometer element acting as the antenraPop/ (Wtl,), with |[x|<I,/2, while in the superconducting
termination. Measurements have shown that nearly perfeqart, — xd*T/dx*= P /(wtl), with x| >1,/2. These equa-
optical coupling is possible up to 30 THZOne of the main  tions include the assumption that part of the bridge is in the
benefits of this technology is that the sensitivity is not lim-normal state and that the thermal conductivitis same and
ited by thermal time constant requirements, unlike the casgonstant in both regions. We base this rather bold assumption
of the state-of-the-art  infrared micromachined on the fact that at this range of temperatures, the contribution

microbolometer§,as well as in several other bolometer ex- Of the lattice to the thermal conductivity is significant, and
periments. The noise equivalent powefNEP) is  can evenincreasebelow T, in disordered metals due to the
(4kgT?C/ 7o) Y for a phonon-noise-limited bolometer with a reduced electron—phonon scattering as the number of quasi-
heat capacityC, a thermal time constant,=C/G, andG particles decreases, so that the changes in the sum of the
the thermal conductance between the bolometer and the héaitice and the electronic contributions remain relatively
sink. In antenna-coupled devices, the thermal sensing el&mall* The bridge(lengthl, width w, thicknesg) is biased
ment can be made much smaller than the detected wavdith voltageV, and has a normal state resistivity The
length, resulting in a much smaller heat capacity, thus allowlength of the normal state part of the wire is given Iy
ing for smaller G and better NEP. Previously, antenna- Dissipation of both the bias powé, and the optical power
coupled highT, vacuum-bridge microbolometers showed Pop{<<Py) takes place in the normal part of the wire,
excellent performance with a NEFx 10" 2 W/ /HzZ at a whereas the superconducting region of the bridge is assumed
bath temperature of 87.4 KHowever, the fabrication of to dissipate only the rf. It should be noted that frequencies
such vacuum bridges has proven to be difficult. Additionally,Slightly below the gap frequency of Nbf €3.5XgTc/h
high-T. films usually require a buffer layer, such as yttrium =900 GHz withT.=6.8 K) are absorbed in the supercon-
stabilized zirconia, and they often suffer from high levels ofducting region as there is a large temperature gradient
1/f noise, thus requiring the use of an optical chopper. ~ Presentin the bridge. -

If operated at or close to the temperature of liqud _ Ve use boundary conditiond(0)=T(l)=T,, and
helium, conventional superconductors such as Nb can pdT(1/2)/dx|s=dT(I/2)/dx|y at the superconducting—

used. Besides the relatively simple processing, the thermAlormal interfaces. Additionally, we require the maximum of

fluctuation and Johnson noise of the bolometer are signifith® temperature to occur at the middle of the normal state

cantly lower at 4.2 K, as compared to 77 K. A convenientPart; thatis, thati T/dx|,,=0. _
way of biasing superconducting transition-edge sensors is by N the limit of small optical powerPq,— 0, the solution
constant voltage, as is done with x-ray microcalorimeters. or the (V) reduces to

This results in a formation of a normal state region, which Ar(T—ToWt  Vwt
in the vacuum-bridge device is located in the center [1(V)g= Vi + I
portion of the bridge:® To model the performance of the P

@

The first term on the right side of Eql) is due to the
dpresent address: VTT Information Technology, Microsensing, P.O. Bo@_leCtrOthermal feedbaCk_’ while _the Second_ term on the
1207, FIN-02044 VTT, Finland; electronic mail: arttu.luukanen@vtt.fi  right describes the ohmic behavior of the bridge. Whén
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FIG. 2. Thel =V curve of the parallel connection of the Nb vacuum bridge
and the shunt resistdcircles. The linear part towards higher voltage values
corresponds to the ohmic behavior of the bridge in its normal state. The fit
FIG. 1. A scanning electron micrograph of the antenna-coupled Nb bridgeyith the theory is given by the solid line witk=0.54 W/Km. As a refer-
bolometer. The inset at upper right shows a detailed image of the feed regiognce, the asymptote corresponding to the ohmic behavidf) (is marked
taken at a steep angle to show the separation between the bridge and tigh a dash-dotted line. At voltages below about 1.8 mV, the ends of the
substrate. The diagram at lower left shows the model used in the theoreticakidge turn superconducting, resulting in negative differential resistance and
treatment with S indicating the superconducting regions, and the shaded arggssipation that are independent of the bias voltage. The dashed line repre-
in the middle of the bridge marking the normal region extending frolW2  sents the electrothermal term which is proportional 1. TThe noise present

to I,/2. in the experimental data arises from the bias source.

is small, the bias dissipation is constant and equal tgected in series with a 1.2k current limiting resistor at
4x(Tc—To)wt/l. Saturation occurs when optical power ap- room temperature. The voltage bias for the bridge was pro-

proaches the bias power. o vided by a 1.2€) shunt resistor connected in parallel with the
The 20mX 1-umx100-nm Nb vacuum bridge is fab- pigge (see Fig. 2

ricated on a nitridized high-resistivity Si wafer. The nominal  sing Eq.(1), a fit was made to the—V curve with «
thickness of the nitride was Am. For convenience, we US€ a5 g fit parameter. All the other parameters were fixed.
electron-beam lithography to pattern the structures, althoughor the thermal conductivity we obtainee=0.54 W/Km,
optical lithography could be used as well. The antenna angyhich is surprisingly close to the value predicted by
the bolometer bridge are patterned using electron-beam lihe \Wiedemann—Franz lawloT./p=0.29 W/Km with
thography on electron resist with a thickness of 650 nm. The =2 45< 1078 V2/K2, and to that reported for NbTi

antenna is a logarithmic spiral antenna with a nominal bandp 26 W/Km).'* We attribute this to the contribution of the
from 455 GHz to 2 THz determined by the outer and innerphonons to the thermal Conductivity be|dn¥
radii of the spiral, respectively, and a real inputimpedance of  For any resistive bolometer, the electrical responsivity
758 on Si (e,=11.7). Following the patterning, a 100-nm- can be calculated from the-V curve using the differential
thick Nb layer is evaporated at a rate of 3 A/s. After lift-off, (Z=dV/dl) and bias point resistance REV/1).%°
the sample is dry etched with a mixture of £&d G, gases. The parameter describing the negative electrothermal
This dry etching step removes the;8j from the sample. feedback (ETF) in the bolometer is the loop gain,
The etch is performed at a relatively high pressure of 5Qjiven by £=8(Z—R)/(Z+R), and can be calculated
mTorr, which results in isotropic etch of the nitride, remov- from Eq. (1), yielding £=4B8kp(T.—Ty)/V2. Here,
ing it also underneath the narrow Nb bridge. By prolongingg=(R—RJ)/(R+ Ry describes the influence of the voltage
the etching step it is also possible to etch the bulk Si, exsource impedance on the ETF. Again, we have omitted the
posed after the §N, has been removed. The resulting bridgefrequency dependence af as we assume that the device
is separated by a2-um vacuum gap from the underlying response is much faster than any typical signal. A general
substratgsee Fig. 1L Some underetch~1 um laterally of  treatment of a voltage biased bolometer yields a current re-
the antenna also takes place, but we believe that this hassponsivity S=dI/dP~—V~1£/(£+1), which approaches
negligible effect on the antenna properties. As the devicea value— 1N when £ is large. Figure 3 shows the current
were intended for electrical measurements only, the antennasponsivity determined from the-V curve.
does not incorporate thicker normal metal layer required to  Noise measurements were performed by biasing the
prevent losses in the relatively thin Nb film. bridge at different points on thie-V curve, and measuring
The critical temperature and resistivity of the Nb wasthe rms noise between 750 Hz and 25 kHz. The noise con-
measured in an independent four-wire measurement againssats of uncorrelated contributions from the fluctuations of
coulomb blockade primary thermometéEBT),'? yielding  heat between the bridge and the heat sjpkonon noisg
T.=6.8 K and p=56u{) cm. After this, the devices were Johnson noise of the resistive part, and noise from the
characterized by measuring their current—voltage characteBQUID. The phonon noise current is given by,
istics with a superconducting quantum interference device= \/y4kBTC2G|S,|, wherey=0.67 describes the effect of the
(SQUID) current preamplifiet> The sample, together with temperature gradient in the briddfeThe Johnson current
the SQUID encased in a superconducting Nb shield, weraoise is not amplified by the electrothermal gain, and
mounted to a vacuum can immersed in liquid helium. Ais given at the sensor output b= 4kgT./R(1+ B)/
floating bias circuit consisted of a tunable 18-V battery, con{2(1+ £)]. The current noise of the SQUID was measured
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(é) T T the bridge in the normal state, and the measured valu@ for
g Or o oo © 8 0030-0-0- & © =0 07 whereas the time constant of the bias circuitrig=L/R
=S oeof"“w whereL~2 uH is the combined inductance of the SQUID
2 . 1 input coil and parasitic inductance from wiring. At
3 0 v=0.82mv V=0.82mV, R=28Q, L=45 and thus 7ei/7e
S -1000F 5.2& 100 I =79(1+ L) 17 2~2, while the stability criterion requires
8 5 g2 this ratio to be more than 58.
= Or B oeg 1w I Some coupling mismatch is present due to the slightly
2 g 0-01F0-1 1 k|1|0 100 larger resistance of the bridg&30() versus the 7%) of the
a 2000 S re?uean[ Z,] N antenng and to the inductance of the bridge. Taking in ac-
00 05 10 15 20 25 30 35 40 45 count the resistance and the 10-pH self inductance of the
Voltage [mV] bridge, we estimate the impedance mismatch between the

antenna and the bridge will reflect less than 20% of the op-
FIG. 3. (a) The electrical responsivity of the bridge derived from theV

. : . . tical power at all bias points if operated around 500 GHz.
curve (circles. A 30-point adjacent averaging method was used to smooth | h deled. fabri d d d
the experimental data. The dashed line is the responsivity calculated usin n sur_nmary, we _ave moaeied, 1a rlca_te » an measu_re
the fit to thel —V characteristics(b) Noise spectrum of the detectordt  the electrical properties of a superconducting bolometer with

=0.82 mV. The cutoff at~50 kHz corresponds to the bandwidth of the gn electrical NEP better by almost an order of magnitude

SQUID flux-locked loop electronics. The low-frequency noise seen below, A tha
10 Hz is attributed to the SQUID since it was not effected by the voltage. compared o the current state-of-the-art bolometers operated

at 4.2 K. The simple fabrication process allows the construc-

Coe tion of large imaging arrays, while improving the noise
separately yielding =12 pA/JHz. The total NEP of the matching with the SQUID would allow for a further signifi-

detector is given by Naﬁ:('gﬂﬁﬂgo}/ﬁ”z' _ . cant improvement of NEP. The detector is compatible with
_ The resullts of the noise measurement are shown in Fig. &|p muitiplexing method which make it an attractive
with a comparison to the theoretical prediction described earsy, ;. oy large imaging millimeter wave arrays.
lier. The minimum NEP is reached &=0.82 mV where
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