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Abstract--We have fabricated 12 dc SQUIDs by laser II.FABRICATION
depositingYBa2Cu307. x on a SrTiO3bicrystal substratewith
a misorientation angleof 24". At 77K ali twelve devices had We use a pulsedexcimer laser to deposit YBCO films 200
acceptable values of critical current,resistance and voltage to 300nm thick on 1Omrex 10mm (100) SrTiO3 bicrystal
modulationproducedby an externalmagneticfield. Thewhite substrates with a 24" misorientation angle. [10]
noise energy of onedevice with an estimated inductance of Subsequently, we laser deposit an Ag/'tlm to a thicknessof
41 pH was 1.8 x 10-30 JHz"1. The noise power scaled as i/f 100-200nra through a shadow mask over the pan of the
at frequencies below about lkHz, howev_; by using a bias YBCO film to be used for contact pads. The faint line of
currentreversal scheme we were able to reduce this noise by YBCOgrainsalong the grainboundaryof the substrateallows

, two orders of magnitudeat 1 Hz, to a value of about 1.5 x us to align a mask forphotolithographicpatterning. We first
10-29 JHz"1. We made a magnetometer by coupling the ion mill the Ag through the photomask and then etch the
SQUID to a flux transformerwith a 5-turn input cot. The SQUID in 0.05-0.1% nitric acid. The acid undercuts the
measured magnetic field gain was 60, and the white noise photoresist in a controllable way, enabling us to make a
36fT HZ-1/2. However, the transformerproduced relatively bridge 2-4pJn wide for the junctions. Finally, we make
large levels of l/f flux noise, not reduced by the bias reversal electricalconnections to the SQUIDs by ultrasonicbonding
scheme, that limited the noise at 1 HZ to 1.7 pT HZ"1/2. A 251andiamewxAi wires to theAg-coveredcontactpads.
single-layer magnetometerwith a single-turn pick up loop is
briefly_bed. Figure 1 shows the configuration of two types of square-

washer SQUIDs; both have inner holes of 251_mx 251Jm.
i I. INTRODUCTION The type A washers have an outer dimension of 250ttm x

2501_m,while the type B were either 250ttm x 250tan or
There has recently been considerable progress in the 500tun x 500tune In the type A design, the junctions are

, development of Superconducting QUantum Interference placed outside the washer, tomaintain a high coupling
Devices (SQUIDs) fabricatedfrom thin films of high transition efficiency to a multiturn input coil. However, the extra
temperature(Tc) superconductors.[1-6] Of particularinterest inductanceassociated with the slit reducesthe signalavailable
for many applications is the level of l/f noise at low from the SQUID. In the type B design, the junctions are
frequencies f. This noise may be inherent to the junctions placedatthe inneredge of the washer, therebyeliminatingthe
where it arises fromcritical currentfluctuations,[4, 7, 8] or it inductanceof the slit. On the other hand, the junctions are
may arise from the motionof vortices trappedin the body of now in the relatively high magnetic field region producedby
theSQUID. [9] lt is possible to reduce the contributionof the

first mechanism substantially by applying one of several TypeA TypeB
electronic modulation sctwanesto the ck:SQUID, whereas the
lattermechanismcannotbe reducedin this way. In this paper,
we report a study of YBCO SQUIDs deposited on a single
bicrystal substrate. We describe the reduction of the low

frequency I/f noise by an electronic modulation scheme to a
level that is technologically useful. Finally, we describe - • 25 IJJTt
magnetometersinvolving bothmultiturnflux trans£ormersand T
single-loop devices fabricatedin a single layer.
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the flux focusing [11] of the SQUID body, which introduces IcRNcorrespondsto about±18%,suggesting thatsome of the
additional single-junction modulation effects in the earth's scatter in Io and RN may well be due to small variationsin
field. We tested9 type A SQUIDs and 3 type B SQUIDs on the widthsof the junctions. An additionalvariationin Ic may
one chip. arise from the flux trappedin the junctions. The scatterin

AV/RN is only +11% in type A and ±9% in type B, implying
III.RESULTS thatthe modulationdepth in criticalcurrentis constantto this

level. °

We Iu'ststudied the propertiesof our SQUIDs by cooling
them, in the earth's magnetic field, in liquid nitrogen. The Ali SQUIDs of the same type have remarkablysimilar
current-voltage (I-V) characteristics were close to those effective magnetic flux captureareas. Forthe type A SQUIDs ,
expected from the resistively shuntedjunction model. Figure this was O0/0.141_T- 1.5 x 10"8m2; neglecting the slit, we
2 summarizes the critical currents (2Ic), maximized by expect an effective area [11] As of 251_m x 25014m --"
rotating the probe in the ambient magnetic field, and 6.3 x 10.9 m2. Thus the slit increasesthe effective areaby a
asymptotic resistances (RN/'2)for ali 12 SQUIDs on a single factor of about 2.5. For the type B SQUIDs, the measured
chip with nominally identical junction widths of 31_m;lc and effective area for the 2501_mwasher was _0/0.481_T-- 4.3 x
RN refer to single junctions. Also shown is the maximum 10.9 m2 compared,,with the predicted value, neglecting the
peak-to-peak voltage modulation, AV, obtained when the slits, of 6.3 x I0"_'m_, while for the 500Urn washer the
magnetic flux is varied at the optimum bias current. The measured value was O0/0.321_T- 6.5 x 10-gm 2 compared
average values of these parametersare 2I== 18514A,RN/2 = with the predicted value of 1.25 x 10.8 m2. Thus, for the
0.78f4, and AV - 1.814Vand 151_Vfor type A and type B typeB SQUIDs the presenceof the slits reducesthe effective
SQUIDs, respectively. The standard deviation in 2Ic area by 32% and 48% for the 2501_mand 500tun washer,
correspondsto about:t:30%of the averagevalueand in RN/2 respectively.
to about±20% forbeth type A and type B devices. For the
type A devices, the standarddeviation in AV correspondsto For one type B SQUID that we studied in detail, the
about.+_20%.We note, however, that the standarddeviation in measuredflax-to-voltage transfercoefficient was dV/d¢ = (65

± 10)_2V/Oo. From the measured dimensions of the innerhole, d - 2614mx 2611m,we estimatean inductance[12] L -
Type A Type B 1.251._1= 4 lpH. Using themeasuredasymptoticresistance

400 RN = 1.28f_, we expect [13] dV/d_ -- 651_V/_0, an
(a) (b) agreementthatis excellent but undoubtedly foctmtons,given

300 - * • the uncertaintiesin the parameters. In the case of the type A

• , , SQUIDs,however,thetransfercoefficientsaremachsmaller,
200 • ranging up to 61J.V/_0 in a device with RN "" 2.4f].

• * * Estimating the inductance of the slit as Ls - 1401/2for a
I00 - , _ length _ = 1521.unwe f'md.Ls- 95pH for a total SQUID

inductanceof about 135pH. Thus, we would expectdV/dO =
0 37_tV/O0, considerably larger than the observed transfer

coefficient. The reasonfor thereducedresponseof the typeA
(O) (el) SQUIDs is not clear, one explanation is that the inductance

' associatedwith theslit is higherthananticipated.
"_" III

1 - Having determined the parameters of our SQUIDs, we
• • . • measuredthe flux noise in one of them at 77K. first usinga

• " " • staticcurrentbiasanda flux modulationfrequencyof 100kHz.
The fluxnoisepowerspectrum,So(f), andthenoiseenergy,
efr) =S_(f)/2L, areshownastheuppertraceof Fig. 3 forthe

0 20 typeB SQUIDdiscussedin theparagraphabovewithanouter
(e) , (f) , • dimensionof 5001Jm. At frequenciesabove 5kHz the spectral

density b_omes white with a value of SO (10kHz) ffi3.5 x
2 -• " • 10"1! _0 Hz'l, corresponding to _(10kHz) = 1.8 x 10.30

• 10 JHz"_. By comparison, using RN = 1.3f4and L = 41 pH, we
"-" • ' predict [13] ¢ =,9kBTL/R ==3 x 10"31 jHZ-I, a factor of 6

1 smaller. Part, although not all, of this discrepancy, may be =
explained by noise generated in the contact resistance to the
SQUID.

0 0

Between 0.1Hz and lkHz, the power spectrum scales
Fig. 2 Critical current (a) and Co),asymptotic resistance (¢) closely as l/f. In an attempt to reduce this noise, we used a

and(d), andpeak-to-peak voltage modulation,AV,(e) bias current reversal scheme. [14] We divide the 100kHz
and (f) at 77K for 12 SQUIDs on a single bicrystal, square wave modulation signal from the flux-locked loop
Abscissa enumerates the SQUIDs. using a digital counting circuit to produce a synchronous
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Fig. 3 Fluxnoisespectraldensity,So(f), andnoise energy,
_(f), for typeB SQUID (50{_ outerdimension)at
77IC Upper traceis for conventionalflux-locked frequency (Hz)
loopwith staticcurrentbias,lowertraceis for bias
reversalscheme. Fig. 4 Pansmagneticfieldresolution, st=rz(0,and flux noise

spectraldensity, S_(O, vs. frequencyfor 5-turnflux
2kHz square wave that reverses the bias current and transformercoupled to the type B SQUID of rig. 3.
simultaneouslyshifts the flux in the SQUID by _0/2. The Low frequencynoise wasnotreducedby biasreversal
resultant noise spectral density (lower trace in Fig. 3) ' scheme.
reduced by two orders of magnitude at 1 Hz. This lar_
reductiondemonstratesthatthe i/f noise in the upper traceof scheme,indicatingthatit arose fromflux noise in the fdms of
Fig. 3 arisesfrom criticalcurrentfluctuationsratherthanfrom the transformer. The magnetic field noise at 1 Hz was
flux noise. The bias reversal scheme has caused the white 1.7pT Hz-1/2. This high noise level sur,sses the need to be
noise to increase slightly, to 2.5 _, 10.30 JHz"1. The residual able to depositand patternmultilayerfdms while maintaining
noise, S@(l Hz) ffi2.9 x 10"10@_Hz"1,may be due to flux very high frm quality andconcomitantly very low levels of
noise within the body of the SQUID, or may represent the flux noise. We note that the number of mms on the input
limit to which we have thus far been able to suppress the coil of the flux transformerwas below optimum for the size
criticalcurrentfluctuations. We notethatKochet al. [4] have of the pick-up loop. A properlyoptimized transformerwith
previously reporteda similar degree of noise reduction in a the same pick-up loop would have had a white noise of
bicrystalSQUID; however, the residualnoise at 1 HZin their approximately10 fr Hz-u,.
case was considerably higherthanin ourdevices. At the time
of writing, our measured noise energy at 1 Hz, 1.5 x 10-29 Finally, we have made a simple magnetometerin which a
JHz"1, is the lowest value we are aware of in a dc SQUID loop of YBCO, deposited and patterned along with the
operatingat77IC SQUID, is coupled directly to the body of a type A SQUID

(Fig. 5). The magnetic field gain of such a device is
IV. MAGNETOMETERS appm_mately (IJLp) (Ap/As). EstimatingLp- 15 nil Ap=

56 mmz, L = 135 pH and using the m_ value As = 1.5
x 10-2 mm2, we expect a gain of about 34. The measuredTo makea sensitive magnetometerfromourSQUIDs, it is

essential to increase the flux captureareawith a suitableflux gain at 77K was only 22, approximately two-thirds of the
transformer. We have coupled the low noise type B SQUID predictedvalue. We measuredthe noise of one device at 77K
discussedabove (5001anwasher)in a flip-chip arrangementto andfounda white noise of 245 fT Hz-1/2, comuqxmdingto a
a thin-f'flmflux transformer[6] with a 5-turninputcoil and a flux noise of 38 I_@0Hz-1/2 which is expected for a type A
1Omrepick-up loop with an approximate area of 81mm2. SQUID. The l/f noise was unfortunately very high,

increasingthe magnetic field noise at 1Hz to 9.5 pT Hz-1/2,aThe estimated inductance of the pick-up loop, Lp = 20nil,
k greatlyexceeds the inductanceof the inputcoil Li-- lnH. In value which was not reduced by bias currentreversal. Thislevel of flux noise in our films is unusually high, and we

this limit, the magnetic field _n of the transformer is
approximately (A.p/.As)a(LLi) / /Lp. The. measured gain expect future devices to have much lower noise. Although

• was about 60, indicaung a magneuc coupling coefficient a ,, such a device cannotcompete in sensitivity with an optimized
0.5. The spectraldensity of the noise is plotted in Fig. 4. At multiturnflux transformer, its simplicity is very appealing.
10kHz the noise of the magnetometer corresponded to The design could be readilyadaptedto a planar gradiometer
approximately36fT Hz-1/2. However,at frequenciesbelow a that might well have adequate sensitivity for certain
few kilohertz the noise power scaled as l/f. The magnitudeof applications,forexample,non-destructiveevaluation.
thisnoise was not measurablyreducedby our biasreversal

I
i

, 3



junctions,"Phys.Rev. Left.,vol.68,pp. I065-I067,
February1992.

[8] A.H. Mildich,JohnClarke,M. S.Colcloughand K.

Chat, "Flicker (I/f) noise in bicpitaxial grain boundaryjunctions of YBa2Cu307-x," Appl. Phys. LetL, vol.

pickup loop 6o,pp. 1899-1901, April 1992.
[9] M.J. Ferrari, Mark Johnson, Frederick C. Wellstood, •

John Clarke, P. A. Roseathal, R. H. Hammond and M_
R. Beasley, "Magnetic flux noise in thin-film rings of
YBa2Cu307-8," Appl.Phys.LetL,vol.53,pp.695-

'-= -" "lm-c[ stm line _ 697, August 1988.
[10] Wako Bussan Co., Ltd., Tokyo.

SQUID [11] M. B. Ketchcn, W. J. Gallaghcr, A. W. Klcinsassex, $.Murphy and J. R. Clem, "DC SQUID flux focuser," in
Proceedings of SQUID '85, Berlin, Germany, June
1985, pp. 865-871.

l mm [12] J. M. Jaycox and M. B. Ketchen, "Planar coupling
----- scheme for ultra low noise SQUIDs," IEEE Trans.

Magn., MAG-17, pp. 400-403 January 1981.
[13] C. D. Tesche and J. Clarke, "DC SQUID: Noise and

optimization," J. Low Temp. Phys., vol. 29,
pp. 301-331 November 1977.

[14] R. H. Koch, J. Clarke, W. M. Goubau, J. M. Martinis,

Fig. 5 Configuration of single-turn magnetometer. The C.M. Pegrun and D. J. Van Harlingen, "Flicker (i/f)
pick-up loop connects to the SQUID body on either noise in tunnel junction dc SQUIDs," J. Low Temp.
side of the slit, just below the two junctions. The Phys., vol. 51, pp. 207-224, April 1981.
four vertical lines extending from the SQUID are
contact pads.

REFERENCES

[1] G. Friedl, M. Vildic, B. Roas, D. Uhl, F. B6mmel, M.
R6mheld, B. Hinenbrand, B. Stritzker and G. Daalmans,
"Low l/f noise single-layer YBa_u3Ox dc SQUID at 77
K," Appl. Phys. Lea., vol. 60, pp. 3048-3050, June
1992.

[2] Y. Zhang, H.-M. Mtlck, K. Herrmann, J. Schubert, W.
Zander, A. I. Braginski and C. Heiden, "Low noise
YBa2Cu3Ox rf SQUID magnetometer," Appl. Phys.
Lett., vol. 60, pp. 645-647, February 1992.

[3] R. Gross, P. Chaudhari, M. Kawasaki, M. B. Ketchen
and A. Gupta, "Low noise YBa2Cu307.8 grain
boundary junction dc SQUIDs," Appl. Phys. Lett., vol.
57, pp. 727-729, August 1990; M. Kawasaki, P.
Chaudhari, T. H. Newman and A. Gupta, "Submicron
YBa2Cu307.8, grain boundary junction dc SQUIDs,"
Appl. Phys. Lett., vol. 58, pp. 2555-2557, June 1991.

[4] R.H. Koch, W. Eidelloth, B. Oh, R. P. Robertazzi, S.
A. Andrek and W. J. Gallagher, "Identifying the source
of l/f noise in SQUIDs made from high-temperature
superconductors," Appl. Phys. LetL, vol. 60, pp. 507-
509, January 1992.

[5] M.S. Dilorio, S. Yoshizumi, M. Maung, K. Y. Yang,
J. Zhang and N. Q. Fan, "Manufacturable low-noise
SQUIDs operating in liquid nitrogen," Nature, vol. 354,
pp. 513-515, December 1991.

[6] A.H. Miklich, J. J. Kingston, F. C. Wellstood, John
Clarke, M. S. Colclough, K. Char and G. Zaharchuk,
"Sensitive YBa2Cu307-x thin-film magnetometer,"
Appl. Phys. Lett., vol. 59, pp. 988-990, August 1991.

[7] M. Kawasaki, P. Chaudhari and A. Gupta, "l/f Noise in
YBa2Cu307.5 superconducting bicrystal grain-boundary

i 4






	DE93004779_LBL32891
	DE93004779_LBL32891-02
	DE93004779_LBL32891-03
	DE93004779_LBL32891-04
	DE93004779_LBL32891-05
	DE93004779_LBL32891-06
	DE93004779_LBL32891-07
	DE93004779_LBL32891-08
	DE93004779_LBL32891-09
	DE93004779_LBL32891-10


