
LBL-28989

I . .................. . - " ii_ii InIII I I I II IlnI III ...........

/,LawrenceBerkeleyLaboratoryUNIVERSITY F CALIFORNI

' Materials & Chemical
.' Sciences Division ,;.. _,,, ,,_.,,,.,'

Presented at the Applied Superconductivity Conference, DEC2 I lgg0
Aspen, CO, September 24-28, 1990, and to be
published in the Proceedings

.,/,, .......
. ...

Fabrication of an Infrared Bolometer with a

High Tc Superconducting Thermometer

S. Verghese, P.L. Richards, K. Char, and S.A. Sachtjen

September 1990

Preparedfor the U.S. Departmentof Energyunder ContractNumberDE.AC03-76SF00098.

r"_VTIS I!NLI[_ITED
I}I,SIIqIBUTION131.T",_,"_Or]CU,,,_.,-,



P

DISCI, AIMER

Thisdocument was prepared as an account of work sponsored _
by the United States Government. Neither the United States

Government nor any agency thereof, nor The Regents of the
University of California, nor any of their employees, makes any

warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial products process, or
service by its trade name, trademark, manufacturer, or other-
wise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government
or any agency thereof, or The Regents of the Llniversity of Cali-
fornia. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the tlnited States
Government or any agency thereof or The Regents of the
University of California and shall not be used for advertising oi'
product endorsement purposes.

Lawrence Berkeley Laboratory is an equal opportunity employer.



LBL--28989

DEgl 005210

Fabrication of an Infrared Bolometer with a High Tc
,J

Superconducting i hermometer

S. Verghese and P. L. Richards

Dcp_u'tment of Physics, University of California at Berkeley,

_.llidMaterials and Chemical Sciences division, Lawrence Berkeley Laboratory,

Berkeley, CA 94720.

and

K. Char and S. A. Sachtjen

Conductus, Inc., 969 West Maude Ave., Sunnyvale, CA 94086.

,,a

* This work was sui)ported in part by the Director, Office of I!:.ncrgyReseat'cia, Office of

13'a:qicl?:.ncr_vSciences, M',,crial Sciences Division of the U S I)cl3artmcnt of Encr,,y

tinder Ch_latractNo, I)I3,-AC03-76SI:()()()9S.

MAST
NSTRIBUTIONOFTHISOOCUMEI_TIS I.INLIMITEtl



FABRICATION OF AN 1NFRAP, ED BOLOPvlETER \VITII A llIOll T 12,
SUPERCONDUCTING TI-tERMOMETER

S. Verghese and P. L. Richards

Dept, of Physics, University of California and Nlaterials
and Chemical Sciences Divisior,, Lawrence Berkeley Laboratory,

Berkeley, CA 94720.

._ K. Char and S. A. Sachtjen

Conductus Inc., Sunnyvale CA 94086.

ABSTRACT THEORY AND DESIGN

A sensitive' high Tc. superconducting bolometer has been The minimum heat capacity C of a practical bolometer is
fabricated on a 20/a.m thick sapphire substrate with a YBCO limited by materials considerations. The minimum thermal con-
thin tilm transition edge thermometer. Optical measurements ductance G to the heat sink is limited by the background power
with a He-Ne laser gave a noise equivalent power of loading and by the required response time +"= C/G. The

2.4,10 -11 W/Hz vi at 10 Hz and a respoha_,,ity of 17 V/W in responsivity for a signal modulated at angular frequency co can

good agreement with electrical bolometer measurements. Gold be written as

black smoke was then deposited on the b. :k side of the assem- I dR(T) -I lRbled bolometer as an absorber. Spectral. measurements on a S(w)= ---IG+iwCI = (1)
fourier transform spectrometer show that the bolometer has dT G6T(I+a)2_2) '_ '
useful sensitivity from visible wavelengths to beyond ~100_m. where <.ST is half the width of the superconducting transition
This performance is clearly superior to that of a commercial and R is the resistance at the operating point near the midpoint
room temperature pyroelectric detector. Some improvement up- of the transition 3. We neglect the effects of the positive ther-
pears possible, real feedback from the current bias which reduces the thermal

conductance to an effective value G- I2R/6T. To maintain

thermal stability we constrain the current by the condition

INTRODUCTION I2R < 0.3G6T.

The noise equivalent power {NEP) is calculated by sum-
A bolometer consists of a radiation absorber und an mingthe important sources of incoherent noise in quadrature.

electrical resistance thermometer coupled to a heat sink via zt

l'thermal conductance. Bolometers are used as sensitive detec- ., 4kTc R e_+(inR)2 V2 7
tors of electromagnetic radiation at v,'avelengths ranging from NEP = 4kT,_G + + . + .._:'[_ + (2}
microwaves to X-rays. One type of thermometer consists of a IS 12 IS I2 IS 12 J '
_,uperconducting tile near the midpoint of its resistive tr:msi-
tion 1. Althoueh such devices have excellent performance v,'hen Ideally, the dominant contributiol,s of a fully optimized bolom-

" eter are the lirst and second terrns, ,,vt_ich are phonon shot
operated in the liquid l'tle ILHel temperature ranue, they are+ " noise and Johnso[1 noise respectively. Paranleters for an
more complicated to use than doped semiconductor thermome- optimized bolotneter are deterrnlned bv equating these two
ters-, 'and therefore are rarely used in practical applications.

coxtlributions. The corttribution of the last two terms, amplilier

The sensitivity of available infrared detector.: that operate noise and l/f noise in the high "I'c film respectively, should be

above liquid "lie ('Lltel temperatures decreases with increasin_ negligible in a ,,veil engineered bolornetcr..'\ high "I"c bolometer
waveleneth. Fur v,avelent_ths < ?0b:n_ conventional liquid

+ _ on a 1.<1:,().()2 mm -+,,\1+O.3 substrate with &T = ().5K and
nitro!,en-cooled tgN) photovoltaic infrared detectors such :ts + •

" llgCd're are v,'ldelv used. for longer v,,avelengths, however, a_/2a: : l()llz could Imve an NEP = l0 -iI Wlllz u+. For c¢ml-
there is no satisfactory cooled detector technology above I+II¢ parison, a pyroelectric detector _ v,ith the same area that ts

" tt.:mperatures, :rod roorn temperature detectors such :ts Gr)lav optimized for 1(1 ttz operation has NEP :,=;-.--5.1()-10 W/llz "+,.
" cells ++r pyroelectric detectc_rs are used...\ boturrmter v,'hich

uses the resisti"e transition of a hit:h T,. superconductor can (_7_QN__=S_T_I__!.2C+T!+C)_N_
_-1 5

_tter higher sensitivity at these Ionk,er v,'avelengths .... . "l'l_is

patx'.r describes the design, fabrication, arid evaluation of such \Ve chose sapphire as a holumeter substrate for its hiuh
a bolomctcr based _,n epitaxial 'f BuS;.u-d).7 (YBC't')) on a l)ebve temperature and mechanical _;trength. We made the lir:.,t
2(),un, thick AI,t')-, st,bstrate ,.vllh e_dd Nack :ts the radiation bolometers u:;tng c-axis lilrns of 'fBCO grown directly _11= .

absorber. {1_()12} ,.\1703 by laser ablation 7. ,-\lthoutJ.h. tllese tiles ha_t
_dmrp resistive Iransilions, they had excess noise at the lran:;i-
lion edge whc.n current biased. The best bol_mleter made from

............................................................................................................................ such tiltns had NI';P ,= 5.10 -'+ \V/llz '+ at 10 llz. I:ilms v,'lth_>ut

Xlanuscrtpt received .'-;ctxemi',cr 2.1, lu')(I, this excL.'ss tu>_se were obtained by _n +l/u laser ablation ,_1

" 1PI'



3(}00X of YBCO on top of a 50(),_ thick buffer layer of computed from handbook data, and gives us confidence in II.le
SrTiO 3 on the AI:O 3 substrate. The 6x6 mm:' chip was then G calculated, from Figure 1. l:rom the measured v;dues of (1,
waxed face clown to a polishing block and h.ipped to 20vm dR./di, and r, we calculate a responsivity of 19 V/W at 10tlz
thickness. Electrical contact pads were made ',y sputter clean- and I = 3mA.

ing the YBCO surface iri a 1'5 (i)2 +,,Xr background and then The spectral response of the bolometer was tirst measured
sputter depositing 20()()e_, of Ag. The chip was diced into lit visible wavelengths with 632 run tle-Ne laser light. The
1:,:1 mm 2 bolc)rneter ctlips tu_d the contacts were annealed in YBCO tilm, which has an absorptivit'/9 of 90% at this

O2 at 500°C for 1 hr. wavelength, was used as the radiation absorber, Figure 2 ct)m-
F)ares the response to chopped laser light with the slope of the

Electrical leads of 25/.,ra diameter copper ,,,,ire ,,,,'cre resistive transition. These data are consistent with bolc)rnetric

attached to the two silver contact pads with Ag paint, l'he response. The peak 'dgnal <'orresponds to an optical respon-
length of the copper leads was selected to give tile appropriate sivity of 17 V/W. i
thermal conductance between tile boloxneter chip and the heat
sink. The bolometer chip was then suspended by the electrical 500 ....... -' • , 7,5

leads in aternperature regulated brass ring. Some electrical and : c. igno I
or)ileal rneasurements tin the visiblel were made and t'herl tlold _

black smoke was deposited vn the back side of the bolorneter - dR./ai

as a radiation absorber 8 . The bolorneter assembly was tinall,,- ...-_-. 5.0 _-
mounted on the cold plate of an optical crvostat for infrared .)-
measurements usin_ a fourier tr;msform spectrometer, --_--. O

- 250 "_
MEASURE?',IENTS C : F--

7"

t ]e.P i i-,_
The bolometer responsivitv was calculated fron,l electrical .2 ,

measurements. 'VI.le inset of Figure 1 shows the resistive transi- n _ ,_!
tion of the thinned tmlometer chip for a ImA current bias. _

C'omparison v,,ilh measurements made irnnlcdiatelv after YBCO 0 -_),,k,,,,_,),)_ t... _, F"_

cteposition showed no noticeable ctegradation. The steepest part gO 85 90 9_ "v
of the resisiive transilion has a slope OR/dT = e,.2 QIK v,'here _maercJ{ure K)

_, ,

R = 3(-,)=.l:igure 1 shows the dependence of the bolometer Figure 2: Voltage response of the bolometer to chopped laser
resistance on p)w,.'r dissipated by tile hi:is ctirrent. The shape light cornl)ared with dP,/dT. The sirnilarity of the two curves
of this curve is c(>nsisler)t ,,vilh bias power heating assuming indicates that the re:q)onse is bolometric.that the isothermal filrn is ohmic. The thenTml corlductance

G = 270 j.z\V/K was obtained frorn R(T) m_d from tile slope ;it \Ve measureU the voltage nc>ise in the lilrn for current
small bias power I':P,. biases up to 3rnA. Figure 3 shows tile voltage noise in the

The bol(m)eler time c(31,1Sla.)l!r - 5.5 nls¢C ',,ras ol.')t:lined holometer, measured by using an AC-coupled, room ternpera-
, by measuring the roll-off as a function of chopping frequency, cure transfc)rrner and a FET amplifier. Using the nleasul'cd

We infer a value (2 = 15 uJiK from the measured valtlcs t)t (.] llOisc and optical responsivity, ,,re (,tc)repute tile optic:li

and r. I'llis v',llue is consistent with the value C.'= I ")..,uJ, K, NEP = _"..1.1()'ii \.\'/llz '', The nlaxirnurn current allowed bv

t tl_e stability c(mditioil is 1 : -lt,nA. ..\ssutning that the cxcc,.<
noise iii a better sample would t>e less thuu'l Johnson .m)ise, tile

/zt)"'/_ NEP could he improved to l0 -li Wtllz ''_ ilt l()llz, l'rovidinuthe excess nnise stayed low, this bolorneter could be tised

without a transfom,ler by stepping up the resistance to lit bast
I ta.-<-"" • .

"_9").... // .._',fv 2(R) £2 and matchirlg the them_onietcr lo a sensitive t')ipol:)r<.-. amplilier. This could be done by lmttcrnine, a meander strip in
..... s the YBC'O lilln.

L v..._ '- n The spectral respor)se of tile b()lomcter is deterrnii,lcd t),,' "
..... ) ._ -- ; the radiation ab:;orhcr atlached lt) it. Ge)ld [Hack is a matrix ut'

" v,eaklv connected clusters of gold atoms with a density ().lq.-./ i ;1 i
(

a , , ; th',ll of solid o,,old' hence its heat capticitv, is ,;inall coral)areal h> -

,a : { , tt_e rest of the b()lumcter. Ctx)ld black ahsr)rhs lie,lit hv multit,!e
:ii _ ' <;c",lttcrinZ ',rod makes .,.It>odthcrm:_l COlll',lClv,ith the stib.';tratc'.

• • :I lq_r ()perali(,)n fruln I--1()() jim ',i i() Hin thick l',lvcr of _.:t,ldII! : r-, [

&.SD ' t)lm.'k is a good ah_;()rt')ers, \Ve have mc'.lsured the tran:;mit-

:') a'O0 ' 000 t:lnce of uold black (thickness > 2()Ilia)and found ii lt) be ¢)nlv

2 _ " M'/SI) 1()% transniittil,le troinl()()-5()()£irn, l)uring l-t)ht black delm-
l;i_4urc l' l<_c_,i,.,t',lnce()I ltic hul()nw.lcr as a fuilctioll of t.,Icclri- '4ilion, imliali(m fron,l lhc ItiiiZStell lilament he',lied tip lhc
C/.iJ heatin_ ir()ill the bl;tS current. Tlm rl()Nlilic",lritv )f this t)c)lometer HNtl the 'fl](.'O thcrnlometcr lc)st SOllle ()x','[letl.

ctlrve ari,,cs Iri)lh the tclllpcrature rl%e ai,ld lhc _,t_<tl)e(if tile (.t)llSC(ltlelltl\', the rc<;i.',tivetrallSllll)l,l t)ro',tdcned iii.ld tlm elcuirl-
rt:sisl;.lncc ','ci!;tl:; Iclnlx.'r',lttir¢, Iri ;ct: I,tfT) t()r lhc, t)()ll)lllt'.lt.'r c',ll llOi_;e lncrc:.i.v, ed <;lit,.hllly, l_c'ltcr stlieldin!, of the l_ulon_cicr
li/e;.l_,iirc'd"; lnl,.\, frol,ll lhc infrared crlilssi()ll ()1 the ttii,lgStCll til/ln,leni ll/i,_i/t

..
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prevent degradation of the YBCO thermometer. We are also
developing high T c bolometers for use at longer wavelengths
(100-30(X) ,anal, These bolometers use resistive metal film Figure 4: (a) Ratio of two identical spectra with 4 cm -I resolu-
absorbers, such as bismuth 1, which can absorb up to 50% of tion measured with the high T c bolometer. (b) Ratio of tv,,o

the incident radiation over a broad spectral range, identical spectra with 4 cm -l resolution measured with a l)y-

We measured the response of the bolometer to infr;.red roelectric detector. The optical efficiency was intentionally de-

light using a Michelson fourier transform spectrometer _n a graded so that the noise could be seen clearly. The througiaput
step-and-integrate mode, We compared its performance ta the and efficiency was the same for both ratios.
response of a commercial pyroelectric detector (_ using nomi-
nally identical optical efliciencv, and throughput. Black body o
radiation from a quartz mercury arc lamp was coupled to the ,--. 1 I ' i ' _ ' I ' I , '1
detectors through a brass light pipe and a light concentrating =?-
cone Tv,,o v,,ann filters of 25 /.Lm thick black polyethylene _ 0.5 I_1

, , . _ ,

,,,,'cre placed in the light pipe to block visible radiation. Figure __.

4 comp_Lres the ratio of two identical spectra with a resolution O 0 l , 1 ' , i , ' , J
of 4 cm -1 rneasured with the pyroelectric detector and with the T"' 125 175 225 275 325 ' 375

high-T c tmlometer. The deviation from unity of this ratio is a Frequency (cre _)
rneasure of tlm detector sensitivity. Clearly the Mgh T c bolorn-
eter is more sensitive. We SUSlmCtthat the gold black matrix is f;igure 5: Transmission spectrum of 50 Torr of water vapor

partially collapsed \.'cause of the sample heating problem dur- ineasured with a high 'Fc bolometer,
ing gold black deposition and therefore allov,'s some of the

radiation tc) Iv ',tbsorhed by the sapphire substrate. The fc:.lture ACKNOWI.IZ.[)(;,',,1ENTS
at 450 cln-I is due to a strong reflection mode in the sapphire.
..ks another measure of the sensitivity, we back-tilled the light The authors .vratefully ackno,,vledge S. S. Laderman for
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