Voltage-Biased High-Tc Superconducting Infrared Bolometers with StrongElectrothermal FeedbackAdrian T. Lee�, Jan M. Gildemeister, Shih-Fu Lee*, 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 94720Abstract � In the current generation of high-T c bolometers the thermal conductance is oftenchosen for a short time-constant rather than foroptimal sensitivity. We describe a novelbolometer bias and readout scheme that promisesto relax this constraint. Voltage bias of thesuperconductor results in strong negativeelectrothermal feedback that greatly reduces thetime-constant of the bolometer. We estimatethat a decrease of more than one order o f magnitude in time-constant should be possiblewith existing high-Tc thermometers. We g i v e theoretical estimates of the performance gainwith voltage bias for several bolometers thathave been reported in the literature. We findcases where the sensitivity can be greatlyimproved (by changing the thermal conductance)while holding the time constant fixed and otherswhere the bolometer can be made much fasterwhile maintaining the sensitivity. I. INTRODUCTION Infrared bolometers with high-Tcsuperconducting thermometers can be more than anorder of magnitude more sensitive than otherliquid-nitrogen-cooled (or room temperature)technologies at wavelengths longer than 10 mm.[1,2] Existing liquid-nitrogen-cooled photondetectors lose sensitivity at long wavelengthsbecause of thermally-excited dark current.Applications of high-Tc bolometers include infraredspectroscopy[1] and space-based observations ofbright sources such as planets[3]. In particular,arrays of high-Tc bolometers are very attractive forimaging at wavelengths longer than 10 mm.[4] Manuscript received August 27, 1996This work was supported in part by the Director, Office ofEnergy Research, Office of Basic Energy Sciences,Materials Sciences Division of the U.S. Department ofEnergy, under Contract No. DE-AC03-76SF00098 (PLR),by the National Science Foundation through the Center forParticle Astrophysics (cooperative agreement AST 91-20005) (ATL), and Rotary Dist. 346 (SFL). Superconducting transition-edge bolometers havetraditionally been operated with a constant-currentbias, which results in positive electrothermalfeedback (ETF).[5] The bias current musttherefore be limited to avoid thermal instability. Ithas recently been pointed out[6] that a constant-voltage bias mode with strong negative ETF[6,7]gives several important operational advantages.The most important of these is a large reduction ofthe bolometer time-constant due to strong ETF. Weestimate a decrease of more than one order ofmagnitude in time constant should be possible withexisting high-Tc thermometers. In the current generation of high-Tc bolometersthe thermal conductance is often chosen for a shorttime-constant rather than for optimal sensitivity.The time-constant decrease due to negative ETFcan be used to relax this constraint.In this paper, we give theoretical estimates of theperformance gain with voltage bias for severalbolometers that have been reported in the literature.We find cases where the sensitivity can be greatlyimproved (by changing the thermal conductance)while holding the time constant fixed and otherswhere the bolometer can be made much fasterwhile maintaining the sensitivity. Operationally, the change in sensor current fromthe voltage-biased superconducting bolometer(VSB) can be read out with a high-Tcsuperconducting quantum interference device(SQUID) ammeter or transistor-basedtransimpedance amplifier. The lead resistance mustbe kept much lower than the bolometer resistanceto maintain the constant-voltage bias. II. VSB THEORYThe VSB theory and operation discussed in thissection and section III are applicable to both low-and high-Tc bolometers. The strength ofelectrothermal feedback for bolometers withresistive thermometers is controlled by the quantity

�=Pba/GT which is analogous to the loop gain incontrol circuits. Here Pb is the power dissipated inthe bolometer by the bias and a=dlogR/dlogT is adimensionless measure of the steepness of thesuperconducting transition which can be 102 to 103for high quality films. The electrothermal feedbackis negative with the VSB and � can be >>1. For acurrent biased superconductor, � is limited tovalues <1 to avoid thermal instability. The currentresponsivity, defined as the ratio of changes insensor current to those in absorbed optical powerof the bolometer, can be computed from energyconservation[8] to give

SI = − 1V^b �

1 + iωτ 0 + �

.(1)Here, w is the modulation frequency of the infraredsignal, t0=C/G is theintrinsicthermaltimeconstantwithoutfeedbackandC is theheatcapacityofthebolometer.TwofeaturesoftheVSBareimmediatelyapparentfromthisexpression. Inthelimit�>>1, SI=-1/Vb for w<<1/t, where t isthe VSB response time. Consequently, thisbolometer has excellent linearity and is easilycalibrated. Also, the Lorentzian roll-off of theresponsivity occurs when wt0 ~ 1 + � which canbe>>1. Thus thenegativefeedbackincreasesthespeed of response with

τ = τ 0 11 + �

.(2) It should be mentioned that the � term in thedenominator of Eqn. 1 arises from the bias heatingterm in the energy conservation equation[8], so canbe identified with the electrothermal feedback.The noise equivalent power (NEP) for a VSBwith w<<1/t can be written[5]

NEP2 = NEPphoton2 + γ4kT2G + 1SI2 in2 + 11+ �( )2 4kTR + a ω( ) VbR 2

,(3)where the terms describe statistical photon noise,thermal fluctuation noise, readout noise, Johnsonnoise, and excess low-frequency (often 1/f) sensornoise respectively. Here, in is the readout currentnoise, R is the resistance of the sensor, and gdescribes the reduction of thermal fluctuation noisedue to the temperature difference between thesensor and the heat sink. The 1/(1+�) term inEqn. 2 describes the suppression of Johnson andlow-frequency noise current by ETF first noted byMather.[5] The low-frequency noise current isassumed to be proportional to Vb.Thisdependenceis characteristicof bothlow-Tc[9,10] andhigh-Tc[4]films. Notethata(w) has units ofinverse frequency and can depend on filmgeometry, film quality, and a. The NEP can be rewritten as

NEP2 = NEPphoton2 + γ4kT2G

+ in2 Vb2 + 4kT3G2Pbα 2 + a ω( )G2T2α 2

.(4)The Johnson noise contribution to the NEPdepends inversely on Pb andis thereforemuchlower for voltage bias, where Pb canbelarge, thanfor currentbias. Thedependenceof thelow-frequencynoise on biaspower depends on themodel, butis independentof bias, for example,inthecaseof resistancefluctuationswhich areimportantfor bothlow- andhigh-Tcsensors.[4,9,10] The NEP for high-Tc bolometersisoftendominatedby eitherthethermalfluctuationor thelow-frequencynoise term. In eithercase,theminimumNEP is obtainedfor asmallvalueofG, givingasignificanttemperaturerise. Theoptimumtemperaturerisedepends on thematerialsthatmakeup thethermalconductance,butcanbeas largeas thebathtemperature.[8,11] Such alargetemperatureriseis notpossible withYBCOthermometerscooledwithliquidnitrogen. For thiscase, the best sensitivityis obtainedifG is chosentogiveatemperatureriseclosetothemaximumof~ 1 0 K . III. VSB OPERATIONA representative bias and SQUID readout circuitis shown in fig. 1.[6,8] The input coil of the dc-SQUID is in series with the sensor and the voltagebias is in parallel with the SQUID-sensorcombination. Constant voltage bias is obtained bycurrent-biasing a shunt resistor, whose resistanceis <<R.The criterion that the NEP from readout noise beless than the NEP from thermal fluctuations sets a

requirement on the resistance of the bolometer. Fora 25�~0/�Hz SQUIDwitha0.2mA/~0 couplingcoil[12] and T=90K, R must be <1kW. For largescale arrays, it may be more practical to use atransistor-based transimpedance amplifier. Givenan input transistor with 3 nV/�Hznoise andT=90K, R mustbe>100W for thermal fluctuationnoise to dominate readout noise.

2 kW18 mWVSBSQUID V+

Fig. 1. Bolometer bias and SQUID readout circuit.Constant voltage bias is provided by a current biased resistorin parallel with series combination of bolometer and SQUIDinput coil. The G of the VSB must be chosen to match thelargest estimated value of optical loading P.[8] Fora given G, the bias power is at its maximum valuePb-max when the optical load is negligible. As P isincreased, Pb decreases. For �>>1, P + Pb is heldconstant and the responsivity SI=-1/Vb is constant.The sensor saturates when P approaches Pb-max.As with many bolometers, dynamic range can betraded for sensitivity. With Pb-max = 2 x estimatedP, Pb=P when P is the estimated value, and theVSB saturates when P is twice the estimated value.The leads to the bolometer need not besuperconducting, but the lead resistance must bekept much lower than the bolometer resistance tomaintain the constant-voltage bias. IV. HIGH-Tc BOLOMETER COMPARISONIn order to illustrate the importance of voltagebias for practical devices, we compare in Table Ithe time-constant of published (current biased)bolometers to the estimated time-constant of thesame bolometers if constant-voltage bias andcurrent readout were implemented.The bolometers listed are from Verghese et al.[1], Johnson et al.[13], and Berkowitz et al. [14].The � values were calculated using the publishedtransitions, assuming operation at ~10% of thenormal resistance. The estimated time-constant forthe VSB was then calculated using Eqn. 2. Thespeedup achieved in all three cases is more thanone order of magnitude. The calculation of thetime-constants was done under the assumption thatthe internal time-constant of the bolometer is shortenough to not degrade the performance of theVSB. It should also be noted that the resistance ofthe bolometer of Johnson et al. would have to bereduced to satisfy the criterion for a low NEP dueto readout noise given in section III. Theinformation in the first eight rows were obtainedfrom the references. TABLE ICOMPARISON OF PUBLISHED HIGH-Tc BOLOMETERSUCB/Conductus(Vergheseet al., 1993)Honeywell/JPL(Johnsonet al., 1994)Conductus/NIST(Berkowitzet al., 1996)l (mm)20<l<1003<l<2212<l<36A (mmxmm)103x103140x10550x50P (W)-3.4x10-7-G (W/K)2.7x10-48.5x10-88x10-7C (J/K)1.5x10-56.7x10-91x10-9t (Ibias)(ms)551051.2NEPtherm(W/�Hz)1.1x10-112x10-136x10-13NEP (W/�Hz)2.4x10-11@10Hz1.5x10-12@2Hz1.2x10-12@32Hz� (VSB)291227t(VSB)(ms)260.045It is of interest to consider how these bolometersshould be re-optimized to take full advantage of thevoltage bias for specific applications. In thisillustration, we assume that the value of G can bechanged as required. In practice, such changes maynot be straightforward.The Verghese et al. device is a compositebolometer designed for use with a far infrared step-and-integrate laboratory Fourier spectrometer. Forthis application, G could be decreased by an orderof magnitude with voltage bias while holding theresponse time roughly constant. Since thecontributions to the NEP due to thermalfluctuations and low-frequency noise scale as �Gand G, respectively (see Eqn. 4), the NEP shouldbe decreased by more than a factor of ~3.Alternatively, the frequency response could beextended to 1kHz to allow this bolometer to be

used with a laboratory rapid-scan Fourierspectrometer for measurements throughout theinfrared. The required G=3x10-3 would be wellmatched to the combination of a 900K source and athroughput of 10-2 cm2-sr. The NEP is thenestimated to be ~4x10-11.The bolometer of Johnson et al. is a monolithicdevice designed for array imaging. The G of theJohnson et al. device is close to optimal for thermalimaging, but the time-constant is long for animaging camera. Voltage bias would give a veryuseful camera frame rate of ~30Hz, with the samevalue of G. The contribution to the NEP from thelow-frequency noise would also be reduced sincethe device would be operated at a higher frequency.If the NEP2 scales as 1/f, then the NEP woulddecrease by a factor of four. The bolometer of Berkowitz et al. is also amonolithic device designed for array imaging. TheG of the Berkowitz et al. device is larger thanoptimal for thermal imaging, but the device speedis adequate for a 30 Hz camera frame rate. Withvoltage bias, it would be desirable to reduce G upto an order of magnitude (depending on the opticalloading) giving a factor ~3 decrease in NEP, whileretaining the bandwidth of the device.V. CONCLUSIONWe have described a potential majorimprovement in high-Tc bolometer technology. Thetime-constant decrease of the VSB results in apowerful combination of speed and sensitivity.Many of the applications of high-Tc bolometershave a strict time-constant requirement, and giventhat constraint the use of voltage bias results in asubstantial increase in sensitivity for the currentgeneration of devices. ACKNOWLEDGMENTThe authors thank Stuart Berkowitz, BlasCabrera, John Davis, Kent Irwin, DanMcCammon, Sae-Woo Nam, and Scott Sachtjenfor useful discussions.REFERENCES[1]S. Verghese, P. L. Richards, S. A. Sachtjen and K.Char, "Sensitive bolometers using high-Tc superconductingthermometers for wavelengths 20-300 mm,"J. Appl. Phys.74 6, pp. 4251-4253, September 1993.[2]P. L. Richards, "Bolometers for infrared andmillimeter waves,"J. Appl. Phys. 76 1, pp. 1-24, July1994.[3]J. C. Brasunas, S. H. Moseley, B. Lakew, R. H.Ono, D. G. McDonald, J. A. Beall and J. E. Sauvageau,Proceedings of SPIE, 1477, p166, 1991.[4]S. Verghese, P. L. Richards, K. Char, D. K. Forkand T. H. Geballe, "Feasibility of infrared imaging arraysusing high-Tc superconducting bolometers,"J. Appl. Phys.71 6, pp. 2491-2498, March 1992.[5]J. C. Mather, "Bolometer noise: nonequilibriumtheory,"Appl. Opt. 21 6, pp. 1125-1129, March 1982.[6]K. D. Irwin, "An application of electrothermalfeedback for high resolution particle detection,"Appl. Phys.Lett. 66 15, pp. 1998-2000, April 1995.[7]K. D. Irwin, S. W. Nam, B. Cabrera, B. Chuggand B. A. Young, "A quasi-trap-assisted transition-edgesensor for phonon-mediated particle detection,"Rev. Sci.Instrum. 66 10, pp. 1-5, October 1995.[8]A. T. Lee, P. L. Richards, S.-W. Nam, B. Cabreraand K. D. Irwin, "A superconducting bolometer with strongelectrothermal feedback,"Appl. Phys. Lett. , in press 1996.[9]J. Clarke and T. Y. Hsiang, "Low-frequency noisein tin and lead films at the superconducting transition,"Phys.Rev. B 13 11, pp. 4790-4800, June 1976.[10]J. Clarke, G. I. Hoffer, P. L. Richards and N.-H.Yeh, "Superconductive bolometers for submillimeterwavelengths,"J. Appl. Phys. 48 12, pp. 4865-4879,December 1977.[11]J. C. Mather, "Bolometers: ultimate sensitivity,optimization, and amplifier coupling,"Appl. Optics 23 4,pp. 584-588, 1984.[12]commercially available from Conductus inc.,Sunnyvale CA.[13]B. R. Johnson, M. C. Foote, H. A. Marsh and B.D. Hunt, Proceedings of SPIE, 2267, pp. 24-30, 1994.[14]S. J. Berkowitz, A. S. Hirahara, K. Char and E. N.Grossman, "Low noise high-temperature superconductingbolometers for infrared imaging,"Appl. Phys. Lett. , inpress 96.