C10Voltage-biased superconducting bolometers for infraredand mm-wave astronomyAdrian T. Lee�, Shih-Fu Lee*, Jan M. Gildemeister*, and Paul L. Richards*Department of Physics, University of California, Berkeley, CA 94720�Center for Particle Astrophysics, University of California, Berkeley, CA 94720*Material Science Division, Lawrence Berkeley National Laboratory, University of California, Berkeley,CA 94720AbstractWe describe bolometers for infrared and mm-waveastronomy that use superconducting transition-edgethermometers. The superconducting film is voltage biasedand the current is measured by a SQUID. Strongelectrothermal feedback maintains the thermometertemperature within the transition, gives a currentresponsivity that is simply proportional to the inverse ofthe bias voltage, and reduces the response time by twoorders of magnitude.We present experimental data on two bolometers with Tithermometers operated with a 3He sorption refrigerator.The first is a composite device; the titanium film and itssilicon substrate are thermally isolated with NbTi supportsthat also provide electrical connections. The second deviceis entirely photolithograpically defined. A Ti thermometeris located at the center of a Si3N4 mesh absorber, which hasthe advantages of reduced heat capacity and cross section tocosmic rays compared to a solid absorber.1 IntroductionWithin the last decade, observations in the mm-wave toinfrared bands have begun to yield much usefulcosmological information. Measurements of the spectrumand spatial anisotropy of the Cosmic MicrowaveBackground, for example, have bolstered the Big Bangmodel and promise to yield precise values for many of thecosmological constants. For much of this wavelengthregime, cryogenic bolometers are the most sensitiveradiation detectors[1]. In this paper, we describe thedevelopment of voltage-biased superconducting bolometers(VSB) [2-4], which have many advantages compared to thesemiconductor-thermistor bolometers that are mostcommonly used.The strong electrothermal feedback effect [5] that occurswith voltage bias of a superconducting transition-edgethermometer reduces the bolometer response time by up totwo orders of magnitude and gives a current responsivitythat is proportional to the inverse of the bias voltage. Arapid bolometer response time is essential to produce highresolution maps of the sky on time scales short enough toavoid low-frequency noise such as that from theatmosphere. Calibration of observational data can begreatly simplified with a responsivity that is independentof refrigerator base temperature fluctuations and backgroundoptical power loading. Finally, the high sensitivity givenby the large dlogR/dlogT of a superconducting transitioncombined with the low noise of SQUID ammeters results ina noise equivalent power (NEP) that can be at the thermalfluctuation noise limit [2].We present results from two bolometers. Both employ aTi transition-edge thermometer. The first (bolometer 1) is aconventional composite bolometer, where the Tithermometer and its Si substrate are suspended with NbTiwires. The second (bolometer 2) employs a Si3N4 mesh togive a large absorbing area while having a low heatcapacity and low cosmic ray cross section. The "spiderweb" mesh pattern (see Fig. 1) was first employed by Bocket al. [6].2 VSB TheoryWe simply summarize VSB theory results here and refer thereader to more detailed references [2, 3, 5]. The strength ofelectrothermal feedback for bolometers with resistivethermometers is controlled by the quantity � = Pba/GTwhich is analogous to the loop gain in control circuits [3].Here Pb is the bias power, a = dlogR/dlogT, G is thedifferential thermal conductance, and T is the temperature.The current responsivity, defined as the ratio of changes inthermometer current to those in absorbed optical power ofthe bolometer is given by Si = (-1/Vb)(�/(1 + iwt0 + �))[3]. Here, w is the modulation frequency of the infraredsignal, t0 = C/G and C is the heat capacity of the bolometer.Two features of the VSB are immediately apparent from thisexpression. First, in the limit �>>1, SI = -1/Vb for w < < 1/t, where t is the VSB response time. Second, negativefeedback reduces the response time from t0 to t = to/(1 + �)[3] .The noise equivalent power (NEP) for a VSB with w <<1/t can be written [2, 3, 5, 7]

NEP2 = γ4kT2G + 1SI2 in2 + 11+�( )2 4kTR + a( f)

,where the terms describe thermal fluctuation noise, readoutnoise, Johnson noise, and excess low-frequency (often 1/f)thermometer noise respectively. Here, in is the currentnoise due to the readout, R is the resistance of thethermometer, and g describes the reduction of thermalfluctuation noise due to the temperature difference betweenthe thermometer and the heat sink [7]. Thermal fluctuationnoise should dominate the other sources in the aboveequation. However, statistical photon noise will contributein any astronomical observation and would ideallydominate the bolometer noise [1].3 Device DesignThe thermometer and substrate of bolometer 1 are 1.5mm˚x˚1.5 mm in size. The 40 nm thick Ti film

C10thermometer (Tc = 370 mK) is RF sputtered on a 300 mmt h i c k S i s u b s t r a t e , a n d h a s a ~ 8 W normal resistance [ 4 ] .T h e t h e r m o m e t e r h a s 0 . 2 m m w i d e s u p e r c o n d u c t i n g m e t a l strips of 200 nm Au on 80 nm Al deposited on top of the Tia t o p p o s i t e e n d s o f t h e t h e r m o m e t e r t o f a c i l i t a t e e l e c t r i c a l contact and to promote uniform current flow by providing aconstant electrical potential. A NiCr heater chip is epoxiedt o t h e b a c k o f t h e S i s u b s t r a t e t o s i m u l a t e a b s o r b e d r a d i a t i o n . A B i f i l m w o u l d n o r m a l l y b e d e p o s i t e d o n t h i s side of the substrate to absorb radiation. The thermometera n d s u b s t r a t e a r e s u s p e n d e d b y s i x 1 2 . 5 m m diameter, 5-8mm long NbTi wires, four of which provide electricalconnections to the thermometer and heater. These wires arepurchased with a 2 m m thick Cu cladding which is etchedaway to reduce the thermal conductance except at the endswhere Ag epoxy is used for electrical contact and physicalsupport.H z w h i t e noise and a 0.5 Hz 1/f knee.S t r o n g E T F h o l d s t h e t e m p e r a t u r e c o n s t a n t b y v a r y i n g t h e b i a s p o w e r . T h e r e s i s t a n c e c h a n g e s t o c o m p e n s a t e f o r c h a n g e s i n a b s o r b e d p o w e r . T h e r e s i s t a n c e o f t h e b o l o m e t e r a l s o d e p e n d s o n t h e v o l t a g e b i a s ; t h e o p e r a t i n g p o i n t i n t h e r e s i s t i v e t r a n s i t i o n c a n b e v a r i e d w i t h t h e v o l t a g e .05101520253035400123456

I

s

(mA)Heater Power (pW)slope=-1/Vb Fig. 2. Current responsivity data for bolometer 1. Theresponse is linear over a large range in absorbed power inthe strong ETF regime and matches theory well.The linear response of bolometer 1 to heater power isshown in Fig. 2. The dc responsivity is given by the slopeof current versus heater power. We see that the response islinear even for large changes in heater power, and that theresponsivity is equal to -1/Vb to 1% over a wide range ofheater power. Measurements at several values of Vb gavesimilar results. We measured the responsivity forbolometer 2 by introducing a step in bias voltage that issmall compared to the bias voltage [2]. The responsivitywas found to be equal to -1/Vb for R > 4W , b e l o w w h i c h difficulties with the SQUID prevented accurate measurement.F o r b o t h b o l o m e t e r s , t h e r e s p o n s i v i t y i s e x p e c t e d t o b e c l o s e t o - 1 / V b s i n c e � > > 1 f o r o p e r a t i o n w i t h i n t h e t r a n s i t i o n .

0.010.110.1110100

t

(s)�t0(�+1)-1Fig. 3. Time constant data for bolometer 1. The minimumtime constant is a factor ~200 less than the intrinsic timeconstant C/G. The data match the theoretical curvereasonably well.We measured bolometer time constants for bolometer 1by observing the response to a step in heater power. Wemeasured an intrinsic time constant C/G = 2.6 s by biasingthe detector above the transition where a is small and � <<1. For bolometer 1, we found a minimum time-constant of

C1013 ms, giving a factor ~200 reduction. The measured timeconstant versus � is shown in Fig. 3. We varied � byvarying both the heater power and the bias voltage. Thelarge scatter arises from the difficulty in making an accuratemeasurement of a.We measured the time-constant for bolometer 2, byintroducing a small voltage step in addition to the constantbias. We measured an intrinsic time constant of 180 ms anda minimum time constant of 2 ms. The time constant versus� plot flattens at large � indicating that the internal timeconstant of the bolometer is limiting the response time.The addition of the metal absorber may increase the internaltime constant. It must therefore be designed carefully.

10-1210-110.1110100

I n

(A/�Hz)Frequency (Hz)R = 2WR = 5W

phonon (2W, 5W)Johnson (5 W)Johnson (2 W)Fig. 4. Noise for bolometer 1 referred to the input coil ofthe SQUID. For R = 5W, the data match theory. For lowerresistances there is excess noise for f > 1 Hz, which may bedue to an oscillation of the ETF.

10-1210-1110-100.11101001000

I n

(A/�Hz)Frequency (Hz)R = 0.45 WR = 4.3 W

phonon (4.3 W)

Johnson (4.3 W)phonon (0.45 W)Johnson (0.45 W)Fig. 5. Noise for bolometer 2 referred to the input coil ofthe SQUID. For R = 4.3W, the data approach theory. For R= 0.45 W, there is excess noise peak at ~80 Hz, which maybe due to an oscillation of the ETF.The measured noise as a function of frequency forbolometer 1 is shown in Fig. 4. along with estimates forthe expected phonon and Johnson noise. The noise for R =5 W matches theoretical expectations well. For lowerbolometer resistances, the noise is larger than estimatedabove 1 Hz. We interpret the excess noise as a broad peakin responsivity at f ~ 1/2pt. This resonant peak may occurdue to an oscillation in the electrothermal feedback when tis sufficiently small that it approaches the internal timeconstant of the bolometer. The time constant is reduced atlow resistance since a, and therefore �, is high. The NEPfor R = 5 W, where the noise agrees with theory, is6˚x˚10-17 W/�Hz (G = 4.7 x 10-10 W/K). The noise rollsoff at 1/2pt ~2 Hz as expected. The excess low frequencynoise below 1 Hz may be largely due to microphonics. Wehave explored this effect using an acoustic driver and awhite noise source.Noise as a function of frequency for bolometer 2 is shownin Fig. 5. The noise for R = 4.3W is a factor of 1.2 largerthan that expected from phonon noise alone at 3 Hz (G = 2 x10-11 W / K ) . T h e N E P a t 3 H z i s e q u a l t o 1 . 1 x 1 0 - 1 7 assuming Si = -1/Vb . As with bolometer 1, the excess lowf r e q u e n c y n o i s e b e l o w 1 H z i s a t l e a s t p a r t l y d u e t o microphonics. The roll-off at ~30 Hz is consistent with themeasured time constant of 5 ms. A resonant noise peak isclearly visible at 100 Hz for the R = 0.45 W data where t ~ 2ms is roughly equal to the internal time constant.5 ConclusionThe Voltage-biased Superconducting Bolometer has severalattractive advantages compared to the semiconductor-thermistor bolometers that are most commonly used. Thetime constant decrease due to ETF will allow bolometers tobe used in new applications where conventional bolometersare too slow. In applications where the speed requirementlimits G for a conventional bolometer, a substantialreduction in NEP should be possible. In applications wherethe background power limits G for a conventionalbolometer, the VSB should yield essentially the ideal NEPwith relaxed constraints on heat capacity. Both absorber-and antenna-coupled designs are realizable withlithographic techniques, facilitating implementation inarrays.The authors thank Blas Cabrera, Roland Clarke, EugeneDansker, Warren Holmes, Kent Irwin, Tom Lee, DanMcCammon, Sae-Woo Nam, and Tim Shaw for usefuldiscussions. This work was supported in part by theDirector, Office of Energy Research, Office of Basic EnergySciences, Materials Sciences Division of the U.S.Department of Energy, under Contract No. DE-AC03-76SF00098 (PLR, SFL, JMG) and by the National ScienceFoundation through the Center for Particle Astrophysics(cooperative agreement AST 91-20005) (ATL). SFL thanksRotary International for support in ’96-’97. Bolometer 2was fabricated at the Berkeley Microfabrication Laboratory.[1]P. L. Richards, Bolometers for infrared and millimeterwaves. J. Appl. Phys. 76, 1 (1994).[2]A. T. Lee, P. L. Richards, S. W. Nam, B. Cabrera and K.D. Irwin, A superconducting bolometer with strong electrothermalfeedback. Appl. Phys. Lett. 69, 1801 (1996).[3]A. T. Lee, J. M. Gildemeister, S.-F. Lee and P. L.Richards, Voltage-biased High-Tc Superconducting InfraredBolometers with Strong Electrothermal Feedback. IEEE Trans. Appl.Supercon. 7, 2378 (1997).[4]S.-F. Lee, A. T. Lee, J. M. Gildemeister, W. Holmes andP. L. Richards, A Voltage-Biased Superconducting Transition-EdgeBolometer with Strong Electrothermal Feedback Operated at 370mK. in preparation (1997).[5]K. D. Irwin, An application of electrothermal feedbackfor high resolution particle detection. Appl. Phys. Lett. 66, 1998(1995).[6]J. J. Bock, D. Chen, P. D. Mauskopf and A. E. Lange, Anovel bolometer for infrared and millimeter-wave astrophysics, "TheFuture of IR and mm-wave Astronomy, Saclay, France, 1994," p.[7]J. C. Mather, Bolometer noise: nonequilibrium theory.Appl. Opt. 21, 1125 (1982).

C10