THERVAL RESI STANCE SE sent invention relates to a nethod and
appar at usw@gz/40eadi Nng an arlay o S thermal resistance sengoimoofw@oarray
having a set of row conduct 0r's each cannected to the sensors in a
correspondi ng row of the array and a set of colum conductors each
connected to the sensors in a correspondi ng colum of the array such that
each sensor METdOEANEHABBARATUS FOR READINGOANATRRA YCOFURMERMAIUCt or . 10
Such arrays may be enployed i ;gge&i&aghe t opography of a surface
i n applications such as surfazﬁetg?—%f&& data storage. In the data
storage application, data recorded in a surface topography is read by
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ot or agb TGRS RSB Bl e a5 of R EBRBYGofs ofgh Uidtned ®

t housandotthg sehodrsfintaicsrrdSpdrimMrev of f@earrayPandet datast lcofimalcondiiiodpur nal
of Research and Devel O'Brrent. Vol. 44 No.3. May 2000. As described 20

t her ei n,®aoh Csormwte@bt% BIEENSEES I a gerrasprNling salunan phihearraysurh dhalr
hed at
one. end 1 9eaB e Hhifbeted hERML G R Pa Bl ERT and bbREYEbondybR °2°¢ ©
resistive heater eI enment and an outward facing tip. Each cantilever is
SS?K&%S&&%% iy de e BIONEAE PP Selocugn aline IPACRBING Bf BRSHEAM | | over
to heat { Hd QeLPASEEhod NRUERtiohbRPUbar GfHJA0 17156 Whid &iBfge
IpS O aqnd no

operati o e array are brought 1ntd contact
rel ati veaptpdlcatlcm de@eea:mrdedmm a@yfacsitogograpby ysrezad by mc:mwg anlgemnajl ane

N
: AD.
; e3e”zz{T|L8}~6 T"nyD MD APPARATUS FOR READI NG AN ARRAY COF C /

J

substrate. F IS WI’I 0 the tor@? FEd um b% iﬁ)n of
appl yi nd©sis W&IS%F’E@VW rtﬁﬂ 84he detggling ghanges.in iepm Gvel y
heati ng 1pawBeh tiie ¥bRsHUHd fh%té&fhdéfasﬂﬁqbad@aaealb'z‘etwéﬁwséﬁgor%ﬁdtﬁépond' ng
row and colum conductors to a |level sufficient to locally melt the

pol yridr suskaee variger eby causing the tip to penetrate the surface of

An example of a such a data storage application is described in “The “Millipede” -

More than one thousand tips for future AFM data storage”, P. Vettiger et al, IBM

Journal of Research and Development. Vol.44 No.3, May 2000. As described

20 therein, this device comprises a two dimensional array of cantilever sensors
fabricated on a silicon substrate. Each cantilever is attached at one end to the
substrate. The other end of each cantilever carries a resistive heater element and an
outward facing tip. Each cantilever is addressable via row and column conductors.
The row and column conductors permit selective passage of electrical current

25 through each cantilever to heat the heating element thereon.

In both reading and writing operations, the tips of the array are brought into contact
with and moved relative to a storage medium comprising a polymer film coating a
plane substrate.

30
Data is written to the storage medium by a combination of applying a local force to
the polymer layer via each tip and selectively heating each tip via application of data

signals through the corresponding row and column conductors to a level sufficient to
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pol yner |ayer and Leave an indentation. Each heating el ement al so provides
a thermal read back sensor because it has a 5 resistance which is dependent
on tenper stuexiwyHor data readi ng operations, a heating si grat/iBosoaspl i ed
sequentially to each rowin the array.2 The heating signal heats all heating
elements in the selected row, but nowto a tenperature which is
insufficient to nelt the polynmer film The thermal conductance between the
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into bit tions as arfay 1s scanned across the storage nedi um
t he di stances between the heating el enents and the storage nedi um reduce.
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W t h t hgeguess ithangesrin temnpetdiereeoi the vontipuowsiy bdatechieddto) élementsadi ng an
array of_sensors, the array havin set, of row.conductors each connected
fo the sardded ap be Rl Ebmatelungroy idillifing deivpignaroceresd bl
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array such that each sensor is connected between a row conductor and a
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i ntedal of the read cycle for another row.
Taking into account the aforementioned noise considerations, a theoretical maximum
data rate can be calculated. A challenge for the system designer is to get as close to
the theoretical limit as possible. However, the approach to the theoretical limit is
hampered by various practical problems. One problem is that only one row of the
30 array can be read at a time. Another problem is that, in order to read a row, the
heaters of the row have to be heated. Each heater in the array has a thermal
response time dependent by physical characteristics of the fabrication materials

employed.



15 It should be noted that the terns "row' and "colum" are used

i nterchangeably herein. In preferred enbodi nents of the present invention)
t he sensop erfoishermal 20 resistance sensors, the activatpEPigoghigoi S a
heating pulse to heat the sensors, andg the variable characteristic is

resi stance. The read cycles for a plurality of rows may be commenced during
the predetermned tine interval of the read cycle for another row. In the
interests of sinplicity in 25 inplenmentation, the read cycles are
preferably initiated.;n row order. The readin ul ses be applied,
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connected to the gﬁnsor_s in a corresponding row of the array and a set of
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of a predetermined tine interval froman edge of the activation pul se; and,
for each sensor in the row, a detector connected to the correspondi ng
col um$ conductor for detecting, during the reading pul se, a val ue dependent

east " orlb 2ol hahaheEHe el rg P ool Sabial e HErPARA of the”
read cyderefrpr another row. 20 As indicated earlier, in preferred

enbodi nents of the present invention, the sensors are thernal resistance
sensors, the activation pulse is a heating pulse to heat the sensors, and
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t he reaﬂ C cI.e%]i row arder in.the interests of sinplicity of

i mpl emerf&MASA rg%ﬁaﬁuc SSESIERME apply the reading pul ses alternately
with the heating pulses. Alternatively) the signal source may apply a group
of the reading pulses alternately with a correspondi ng group of the heating
pul ses. e read cycles for a plurality of rows may be commenced during the predetermined

time interval of the read cycle for another row. In the interests of simplicity in

25 implementation, the read cycles are preferably initiated in row order.
The reading pulses may be applied alternately with the heating pulses. Alternatively,
a group of the reading pulses may be applied alternately with a corresponding group

of the activation pulses.

30 In preferred embodiments of the present invention, the difference between values
detected during successive read cycles may be determined for each sensor in row in
the interests of minimizing high frequency offsets and reducing dynamic range

requirements.



In the interests of mnimzing high frequency offsets and reduci ng dynam c
range requirenents, the detector nay conprise a subtracter for determ ning,
for each ¥anexwviin the row, the difference between val ues pet/amtptkgduri ng
successi ve read cycles. The detector preferably conprises a nmenory for
storing the val ues detected during successive read cycles. The nenory may
conpri se an anal ogue integrator circuit. Alternatively, the nenory may
conprise a lookup table. 5 In a preferred enbodi nent of the present
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is a graglltzI of terrperafture of the sensor during a read cy e 5is

a gr aphCBumnepRiugiertasdetedingedding the reagling pulse, ayelus dependent on a

variable characteristic of that sensor; wherein the read cycle for at least one row is

commenced during the predetermined time interval of the read cycle for another row.
20 As indicated earlier, in preferred embodiments of the present invention, the sensors

are thermal resistance sensors, the activation pulse is a heating pulse to heat the

sensors, and the variable characteristic is resistance.

The read cycles for a plurality of rows are preferably commenced during the

25 predetermined time interval of the read cycle for another row. The signal source
preferably initiates the read cycles in row order in the interests of simplicity of
implementation. The signal source may apply the reading pulses alternately with the
heating pulses. Alternatively, the signal source may apply a group of the reading
pulses alternately with a corresponding group of the heating puises.

30
In the interests of minimizing high frequency offsets and reducing dynamic range
requirements, the detector may comprise a subtracter for determining, for each

sensor in the row, the difference between values detected during successive read



Figure 6 is a graph of power supplied to sensors of the data storage system
during a read cycle for one of the sensors in an interl eaved node of

operati onwdoyfwgure 7 is a graph of power supplied to sengefsiifoidshe data
storage systemduring a read cycle forsone of the sensors in block read
node of operation Figure 8 is a sinplified circuit diagramof a data

st orage system enbodyi ng the present invention; 15 Figure 9 is a graph of a
read out Cydlemalheddatectos Prefevably comyises& mehwryfomsstetiog due valuss elatebteting a
read cycl| & Figure 10 is a c"rc%it di adram of part of a dFt ect.O{qgrror t he
data st of 4 SYEERIVeIGadiGyies- 11eiBemon By iSO ANgIaaledRtesralosr  he
dat a StOéi?@.ﬁt.ﬂ}téﬁrféiﬂ\/eﬁ,m’éﬁméﬁoﬂy&né{lébﬁfﬂﬁsé'aaﬂbﬁﬂb%blémt her detector for
the data storage systéem 25 Figure 13 is a bl ock diagram of yet another
detector for the data storage system Figure 14 is a block diagramof a
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apex. o edidTing Volath SUREhiReegndenron fé eulF os hivsraentis todaal r om
t he subsddgrmteror0. The linbs of the cantilever 15 are highly doped to

i nprove el ectrical conductance. The heater elenent 30 is forned by doping
the aPex of the cantilever 15 to a | esser extent, thereby introducing a
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15 is connected to.a columm conductor 50. Row conductor 60, columm
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substrate 20. Referring now to Fi S urg agalnst to a
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of 70 nmis disposed between the polyner |ayer 90 and the substrate™/0. In
bot h r ed8@nhBesHaPIRI SPPAaRI¥r ati ons, the tip 40 of the array is across the
surface of the storage nedium 30 Data is witten to the storage nedi um by
a conbination of applying a local force to the polymer layer 90 via the tip

and IxsatRrefprtétbernbpdidiirity gbiss prasent viehBlols will row Behdestgibed) ey wait ofl ever 15
fromthe corres ondi.ﬂg row conductor 60 t o the correspondi ng colum
conduct &*agple palys WHT trferancedpthe Aceampanyeg Hawings, & which: "R

Figure 1 is a plan view of a sensor for a data storage system embodying the present
invention;

30
Figure 2 is a cross-sectional view of the sensor when viewed in the direction of

arrows A-A’;



causes the heater elenent 30 to heat up. Heat energy is passed fromthe
heater elenment 30 into the tip 40 via thermal conductance. The wite
current i woeemetied to heat the tip 40 to a level suffici edr/iBorhosal |y
melt the polyner |ayer, thereby causimg the tip 40 to penetrate the surface
of the polyner |ayer and | eave an indentation 120 5 of a dianeter in the
region of 40 nm By way, of exanple) it has been found that |ocal nelting of
a PMA fiigwiecdis agraphPeRewensupnligditeghe sensendurng @ read eygler at ure of the
order of 700 degrees centigrade. The buffer layer 110 has a higher nelting
point than the PMVA film90 and therefore acts as a penetration stop to
prevent Figudd itga graphef tehipetatirgaf tisd sémsoraubingrateaddéycld,0 The heati ng

el enent 30 al so provides a thermal read back sensor because it has a

resi stance which is dependent on tenperature. For data readi ng operations,
a heasi r ' e r m t he correspondi ng
1 OW cgndu l'(t}%rg gé(;é ﬁﬁﬁ%ﬁ%’gﬁﬁﬂﬂﬁ%@%pﬂ%}'ﬁ%ﬁéﬁé‘?85’[’%0 Accordingly, the
heating 15 elenment 40 is again heated, but nowto a tenperature which is

insufficient to nelt t ol yner | gyer 90. Readi ng.tenperatures of .the
ordor | of 905 G Bepr i aEripd 1S ssnsasiine SiaSkees suriem Gurieg e o
PMVA i kdad Byéle'tBY 8hé BEIHRSSorfiopy erjﬁn %@ﬁ@%@é& Rot8 ! r@ﬁaﬁ-or mance. The

t hermal conduct ance between the heating el enent 30 a e 'pol ynmer |ayer 90

vari es according to distance between the 20 heating el enment and the pol yner
| ayer,,9 .the fi moves intp a bit indentation 120 as the array is
soand@ar a5t ADRRRAT PrVRY ape cdiethafisont BB Ftn Slorice Bt cmmodent
30 and téed BPLIETEF oh@BPiheXerisfs! FEbiotR Pedte Hiodd dIQjpekatiord he heating el ement

30 and the polyner |ayer 90 transfers heat between the heating el enent 40
and the polyner |ayer 90. Heat transfer between the heating 25 el enent 30

and the Vel r LCi e j 0 in the
ndent af R TS, & B oIBLF sdraf S8 SR doleeR o/ sParti B Eing fhe e

heat i ngpedsem imvediohher ef ore reduces. Changes in tenperature of the
contipuously heated heating el ement 30 row can be nonitored in parallel,
theréﬁy facilitating detection of recorded bits. 30 The aforenentioned
heat i ng i 4 i i he
Cor  capo e & e o A difedpb i Relichl S Iodak

t hr oughsysiem dersga rédd cyeclapct ed to the row conductor 60 to which the
heating vol t age pulse is applied. Al the heating elenents 30 in the
corresponding row of the array are therefore heated. Recorded data is then
read OUFiguremoi iB aPéifcdlitl BagrahPBT pAie o Bad<8ctbP b Bhe %Ithsﬁ’lrQ?ag?@syﬁéﬁﬂ row of
the array is thus read sequentially according to a multiplexing schene. 5
As médtioned earlier, noise considerations lead to a theoretical maxinum
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such a data rate. For an array of 1024 sensors 10 arranged in a 32X32
matri x, _each sensor ld need to 10 deliver about 30kbits/sec to achieve
the desfiosueziig W‘O%H@Q{%ﬁ @ncthen gateciafifer beata plorpgpsystaii r es
readi ng of each sensor 10 30000 tinmes per second. However, only one row of
32 sensors 10 can be read at a tinme and there are 32 rows in this exanple.
Ther 25 ofFigure 8 idedilogiddiagtard af yet ahethet datidrtfer fecdatagiorege systeinng of al |
32 rows 30000 tines per second, thereby delivering about 1 mllion parallel
row 15 readi ngs per second. Therefore, to achieve the desired net data rate

of 30MFigut6aa.is a BIGYK di Fdrﬁ'o@ié: fagthbt asteicﬂshr%mlle)détaﬂs@éraée@sieﬁn{ equi red.

However) the sensors 10 typically have a thernal responsé tirne In the

region of 10 Ns. Thus, the sensor 10 cannot reach thermal equilibrium

during ti Referrif o Frogure 3. i.n enbodi nents. he present .
venti SR el pRiplbd Srdfliabinln sy e TrrEe ey flustited ki Fidite 14
Accosgliggdto this techni que, each row of sensors is read in a two step read
cycle. In a first step of the cycle, a heating pulse is applied to the
sensor 10. Referring to Figure 4, the heating pulse inparts sufficient
energy g ; o of .| m, nal
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t he cygbresent rwadtiory pul se is applied to the sensor 10 at a tine delay of
after the heating pul se. The resistance of the sensor 10 is neasured based
on the reading pulse. Both the first and second steps can be perforned well
within the thermal relaxation tine.



30 In particularly preferred enbodi nrents of the present invention, the tine
del ay between heating and reading is of the order of the thermal relaxation
time for gRXéeISEnsitivity. As indicated earlier, each reww/moihiwy array
Is read sequentially according to a msltipl exing schenme. The nul ti pl exi ng
schene permts 10 inpl ementation of the dynam c read out technique in an
I nterl eaved node. The interleaved node all ows access to stored data at a
much hi gher net rate w thout exceeding the thermal ti rre constant. 5
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of a row co ctors 60 and col umm conductors 50.” Each sensor 10 is
addr elss dacregsed électrcal nesistanbe tachoanbiiow thwwgbdhe gentlevenarang of dheirm
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Referring now to Figure 2, the tip 40 is urged against to a planar storage medium in
the form of a polymer layer 90 such as a film of polymethylmethacrylate (PMMA) of a
thickness in the region of 40 nm. The polymer layer 90 is carried by a silicon
25 substrate 100. A buffer layer 110 of cross-linked photo-resist such as SU-8 of a
thickness in the region of 70 nm is disposed between the polymer layer 90 and the
substrate 70. In both reading and writing operations, the tip 40 of the array is across

the surface of the storage medium.

30 Data is written to the storage medium by a combination of applying a local force to
the polymer layer 90 via the tip and heating the tip 40 by passing a write current
through the cantilever 15 from the corresponding row conductor 60 to the

corresponding column conductor 50. Passage of current through the cantilever 15



sensors 10 in the array fromeach other in the interests of suppressing
cross talk. The circuit topology of the array is generally known as a
crossbar wapedoom. As nentioned earlier) rows of sensors Ir@rselansessed
sequentially one at a tine with all calums are accessed sinmultaneously in
paral l el. Each columm conductor 50 is 5 connected to a separate detector
125. Each detector 125 conprises a bridge bal ancing vol tage source Ub
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t he b{d dge resistor R, varies between detection of a logical "1" and
detection of a logical "0". This voltage drop is detected by the
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roei ot ontedNd Syl Bafebid FRRBAE RaRERE! 153 RS Endlg . "The
sensors ¢mwdd¢a>r®oemtth@fcotﬂ@ep6namlgmmmm doRglieterr 50t Aesoidingliiatheeissting 10.

Such instabilities may occur because the sensors 10 exhibit a negative
r esi starRlemenh e ds eaalﬁthaata@ b naw Je atempaiatine twdiigh isdpgpidisient o melt

d ble f t

tho sonshe FyTEHErer 36 eathoTemirerBley of 18 BUnPht A0GaEGRS AREGRR 1) oy
0. 25mA<hetie, Birekaampde, 3h(suljﬂsl9m 1o mledtsa RMMA filrhebuiamepe rtHstedsnpi@videbk ohm 12
As i ndi cat ed I f d d

be por f GHHERETE FRATING PRROTHRGS cLik MeHBHEC IR B P EAE e, e dr | caved
node adVélBﬁ\%@l?QU%hH the Y)!)fr'ﬁér ﬁ?éf%%ﬁb@éh@bﬂdt td (H‘isfa‘?%@ b&ﬁve@ﬁ@ﬁé‘“ dth.

Bl ock node advant ageou provid hi gher speed readi ng
i nt er3Cedvealingsdementand H’g9 polyrrmnlayearr&!) Vében the tie 4ﬂdeV|eS)tmt(aﬁd)lber formed in

Gescr baoChpliBh 784 B s kel Rords 1@ SR AT 50, helfoBifbe Tor ©
t he heathétgeenalde Agatng sremtdtcand thd p olgﬁxeﬁl}@yam) teduz8. PhE nietipect i vel y.
The thermal tine constant of té/(ﬁl cal ly T=l ONs represents an upper bound

for the briwerAdhebeatingplerment3Gand @i»%polquréa&f%@%trwéersab%@dzeéws@nsenm ng
ffici I
o Cor r oA RS BIRRLA At i pblyHer ISP HEML it Bektvelh ffo Reftingen oo

for tae eién‘nfeat SOandrthe@lolwheullagler:@&)moremiﬂcaem wigen #megy tip HOanoves-i the
correspandi n ,to h i ng and readl he sane.row in mul ti pl exi ng
tep ¢ b IRdenAuaT 165, RS TR RSN Hiereloge s EiARce ! Meehealing: "s peed
limt. 'éleH&'ﬁt Qb‘f’rﬁ‘é‘refﬂ?@%du% Ghéfg;es in te! péfa‘?ur'ée@fttﬁg c@r\ﬁhﬂ@uﬁyfh'e'él?éd bl ock
of on+1 nultiplexing steps. Reading of t e identical sequence Of rows is
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efficient un] ess heati ng and 20 reading pulse widths, tn and t~, are of
conpar adPEC%E ﬁ@%‘ﬁ However, the switching rate between heating and reading
.poterfg al s is reduced by a factor of on+l which is advantageous at higher

nultlpIeX|ng speeds. It is desirable for th, t,, and on to cover the sane
range asiheaforersentienad beating ewent iapioduged:by appiving a heating Kolage pulse i n

to the corresponding row conductor 60. Accordingly, a heating current flows through

each sensor 10 connected to the row conductor 60 to which the heating voltage




bl ock node reading) the nunber of nmultiplexing steps in a conplete cycle is
tw ce 25 the nunber of rows. During both heating and readi ng operations,
only the wowsmbeict ed for heating or reading i s connected p@I/BoYOIdsRgE
source. Al other rows remain floating. In particularly preferred

enbodi nents of the present invention, heating and reading 30 potentials are

adj ustabl? W thin a range of OV to 12V. Nornmally) the reading voltage wl|
be of t RAISS BaPRIiedp Al e heating alements 3dindbe correspomndiagiray oithepenast i ng
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.heat i ng vlgliteégg}gso rce to provide at |east 300mA of curfent in a pul sed

node fofM "% of sensors 10. It is desirable to operate the

bri dges forned by the sensor resistances RS and the 5 series resistors R
in a balanced node, in which the sense |ines are kept at virtual earth,
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problemwi th this 10 arrangenent is that noise originating int
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or ovid At il o RSyt s BSErdliae o PORRYsl SRS tbe cafrape
shown t haty. ThistrequiB@XPshdiy aedet eSS 10 S0dBBRINELHer SEIHE HwRRPVer sion
accur acg is sufficient provided that the balancing voltage Is tracked 15

with 179RYiRRe v of 82 iseRsorsrd Qeast be read atbdimerand dhese ared3draveseint this
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derive 8Reowal30000MINeDperegzodl, tharaby deliveny abégemillion Eaﬂaﬂ%ﬂ oy ed
nment,.of the invention , the bridges are 20 bal anced

nmbodij )
ST Th RS, b sAtes Thatslo ey 40 ACaiRNEne desiiod RehHsenmtapaaMbls/sene

pr esent a kX aALkiBRXild e SR AR df i - ! Y@ i ations
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mul ti pl Wringllydwvel athesmal resporse tiniEhia thamelgiomgofi 10 ps VEhud, the sehsdiien 0. 5Ns
and 25 ] m n, mum.dwel | tinme of 0.5Ns at a maxi mum nmul ti pl exi ng
rate ofgwggéﬂﬁrmaﬁaq%brﬁf@ﬁ%@%t"and 10 in conbination, in a preferred
enbodi ment of the present invention, each detector 125 conprises a boxcar

integrator 150 including a virtual earth feedback anplifier having an
integ} piegrica R Eiguse 3Cin embpdiments if Aok passandényentiod, g proidemSs and S2

deal s W L.ent . r jagnal.s. with acceptagbl e
deals, Widioblp ] Bohahic AALUR 1Blnihe! £R% AFBIB TS I AEE Bt o)
t her ebysasech & Kgiadgn capacstepredd cydibt BY a dirstenéPef the. cyehd, tLhedting suigagsied
t hereby stori ng{ the result of the integration in capacitor C. and providing
t he reddRRliegitoithe sg[]ggufo_. Referring to Figure 4, the heating pulse imparts sufficient

energy to heat the heating element 30 up to or just above the nominal readout

25 temperature. With reference now to Figure 5, in a second step of the cycle, a reading
pulse is applied to the sensor 10 at a time delay At after the heating pulse. The
resistance of the sensor 10 is measured based on the reading pulse. Both the first

and second steps can be performed well within the thermal relaxation time.

30 In particularly preferred embodiments of the present invention, the time delay
between heating and reading is of the order of the thermal relaxation time for
maximum sensitivity. As indicated earlier, each row of the array is read sequentially

according to a multiplexing scheme. The multiplexing scheme permits



Referring to Figure 11, in a particularly preferred enbodi nent of the
present invention, each detector 125 conprises a | ow noise anplifier 160
havi ng a W@bpdwpedance i nput connectabl e to the node bet waepighehidRs
resistor R and the sensor 5 resistange RS of the bridge. To avoid
switching transients, the anplifier 160 is preferably disconnected fromthe
bridge during heating via a high s peed switch 130 as herei nbefore

descr i bdhplerhbniatibarad ke dynafigread @it tattnique pruanfinterfeaved amgdel Ther 160 i s
buffered the boxcar integrator 160 hereinbefore described and subsequently
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out put  dycbBRINEANhA tRefRAMERE @bndtaft.i s stored in a buffer nmenory 180. For a
32X32 matrix of sensors I\fg? the conplete matrix is accessed by operating 32
such anplifier circuits in parallel: one allocated to each col utm conduct or

0. | i at ed. Wi th.thi . is the relatively |
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mul ti pl exi for. 32 ferri to Fi 2, in.a, .
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170. The digitized difference is stored in the nory 13 2 mul tiplexing
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equal to the frequency with which the sensor 10 is addressed (e.qg.:
1/ (32Xtm.. Thus, | ow frequency offsets are automati cal I%/_ cancel ed and
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Dnal ogublamaNy PikairaBaerme Bt IS e ATISR oEh in o & Al P b HARIosIaURS < f
regi sters or "bucket brigades". Referring nowto Figure 13, in another

enbodi ment of the present invention, the output of the integrator 150 is
connect ddmiag aoewt iedrignrescas mantioned @arlierhan @xemyple of at datastagersystaror 200

i t | ook table 210. .Th t put _of. the | ook 10 table 210
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subtracter 190. The output of the subtracter 190 is connected to th
conver t 8Adressedhiyea dilfgsent esmbination of a seky @onguictor §0 ancta seliter gonductpe

menor 0 I 1y Qd I :
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convertor can be less than the dynam c ,range. Acceptabl e resolution may be
obt ai neBOMINGRT TESISaCce i 1B, sefigs 'i"bthﬁcﬁ'fOEP%QW% inde 89. HBpdpsisENSLe
descrihbed; { ; or S
ctor 83 i Apreetuat,uEtRASsRliyd Realihh Bement 4G THE BRIMG R aitthe.®, ¢
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mat chedcguidiel 6@ to tHecAMER SR ERmAldNdlIRE T, SBle HOHESEE idslaBEr act ed
fromthe neasured signal by the subtracter 190 to generate a difference
signal. The difference signal is digitized by the A/D convertor 170 and
stored in the 25 nenory 180. This arrangenent advantageously permts a
reduction of dynamc range in the A/D convertor 170 based on the accuracy
wi th which the conpensation



vol tage can be generated. In the exanple hereinbefore described, a
resolution of 8 bits in the A/D convertor 170 suffices. 30 Referring now to
Fi gure l4wg éy@ojiodification to the enbodi nent of the preggatigoiwREsi on
her ei nbef ore described with referenceiio Figure 12, the resistance bridge
I's bal anced via a feedback | oop 250 conprising a D/A convertor 230 having
an output providing the balancing voltage Ub. A |look up table 240 is
connect &&neerg hein thejarayfrpon eagh other i hecipiaresist stppressig Figssttake t he
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.operation, the value of the bal anci nsg' vol t%glgl applicable to each sensor 10
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for r%a‘?ﬂorr‘ﬁec@&%?ﬁéé;%?a@%@tdﬁéﬁ? Eah ddtectbriss cbmﬁrﬂ:%s!a%’r‘ﬁjr%éf table 240
the bri'dge prefe € ga

is applied to rably via a, programma in a i fier. The
r esi st arbadamding heltagmsourcé(Jy souied tedhs edrrespardingmoihenn cendictbe50 via

d i bed d the digitizgd di [ t dinth - 180. Th
described and, Lhe, LA 78d fesding. s Sorer 0o LNG IEmEY 100, The
reasur ek difvaly ddiiBbladhe 1 MeinpuPY d88nad airblingr #20 6 & 83ABAAISORThbON.  For

a 32X32 array, ‘the tinme constan the integrating feedback action is

det er ni semsbyanopifientiR0ihsisex high inpeidance imput 30 xainimize curiest §owraut lof tleedback
gain.1 1?)1 a sanpled system the tenporal evolution of Ub differs from

t hat gf M99t i nuous case. In particul ar, oscillatory and eventually
unstabl e solutions exist for sufficiently high gains. For exanple, consider
a sanpled linear systemdepicted in Figure 15. The feedback transfer

f unct i onn jopedatidnadead voage dgulssrisrappligd 4 eelediedipwicandsictast® ti me st eps

are denqlad B {89, & TEWBF Senkorsh fbtgén hﬁ%ﬁ%é%%h?c gr(emill{)\)evsﬁd K-1) The

cl osed Ioopegﬁéep r%sponse %unct I on esse rns o he

fol | owi rglédted asw condedtar 60nBrough the dibdeandREssistandb R4 of ddvh sbirfsbeneoni al
resi stance of the sensor 25 10: ~Un(k) gl-A/ (1+RJ RSL%EUb( k-1) This

ef f edPi JRE JoWde theeorze g PalapginBelRgraouree bW Hifpaesaciated galummne o (
1 +RIRS 7 : S ' | ol | of

scal ea Sargactor sb anitfude ReidBERE AsinbAllonsy paffiot R Fulrehtfiokhithont

sl owl y amchreensppdd dodngcareadveparatian variesacppdingciodte séosontip 46s of t he

scal ed I.n factor.between and.l, the sqlutian conver to the, steady
state a%%ﬁ%%!nr%ﬁ‘ Eﬂgipais%ﬁ(?{ %&ﬁi‘ﬁ?ﬂn_&i Q?C‘WSPﬁL? ﬁﬁs'fs@qcﬁvﬁhg’eéetqeﬁ@%&ﬁst ant ,
i n whi chyatigsibatwééh aaistibA B el 1BBichM1erandl detection of a logical “0”. Accordingly
20 the voltage dropped across the bridge resistor R; varies between detection of a
logical “1" and detection of a logical “0". This voltage drop is detected by the

corresponding sense amplifier 120.

The bridge configuration of the read out channel circuit advantageously limits noise
25 degradation of signal read by the array. in addition, the series resistors R; help to
stabilize the operating point of the corresponding sensors 10. Specifically, the series
resistors R; provide current limiting, thereby preventing damage to the sensors in the
event of thermal runaway instabilities in the sensor 10. Such instabilities may occur
because the sensors 10 exhibit a negative resistance characteristic at relatively high
30 temperatures. It is desirable for bridge resistor R; to match the effective resistance Rs
of the sensor 10 under heating conditions. In a 32X32 array, it is found that
0.25mA<l,<0.35mA and 3V<U,<9V yields R; in the range 12kohm<Ri<25kohm.




T =to( 1 +tRIRS)/A Referring to Figure 16, in summary, nethods have been
herei nbefore for reading an 10 array of sensors having a set of row
conduct or yyee@zdvaonnected to the sensors in a correspondi N /0fesd he
array and a set of columm conductors each connected to the sensors in a
correspondi ng colum of the array such that each sensor is connected
between a row conductor and a columm conductor. The methods conprise: for
each r ofdsondigatebearlipnwithgetareage tpEiguses igda’ . rdynamiy seesiogman e ng) 15 at
step 30 (e | i I : rye LN Qw _conduct or
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edge of the activation pul ?]e, and duri ng, t he readi ng pul se, detecting at
step 3289vRRIageqLalYREAYERS higharshess,readingt ue dependent on a variabl e
charagteristic of that sensor. In preferred 20 enbodi nents of the present
invention hereinbefore described, the sensor are thermal resistance
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th i abl teristic i i st  Ho it will b i at ed
that  t hENAECHPIPADE SR HieryaLin BPT 9 SH313 RabPeat betsimeriors festthed tnsor s
such asjCaphe drdéleoﬁgunsﬁ@&rreéﬁfeb’no%@%ﬂbﬁ/er bREnaS st thY ﬁbﬁtiﬁgfr%@iphgﬁféeaone

row i s comrenced 25 during t predetermned time interva ead
cycl e fwidthasrede0aie amkhmd. Biss tfspestively ceElea tharmad titieocorsiant dfdypically

her ei hbef riphed. w r.ef nce to.a data stor system,  Hoyever,
't w1 T5a08s e aRE T horethaMsFleEa5E neRuinpRlsR D fdipBt: i rodnd

appl i cathapreceplablesamghg efficishdy Mag be dbtdipRHIIRA tifie AREANI bf BRPbideRlDF S t O

t opography visualization. It will be appreciated that the present invention
i s espe&i blgnew aseprregnoading upReh or Hie tensoritlapmjdihi is lakB0ea.i on f or
testi ngy I I i ] . devi brication facility.
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t he esené invention is %ql,i'iJ Ié&F%gi,cabl e sensor arrays of different

si ze!® apf=ad Focrespaptlipg to high gp ing apthecdprRAy speed iBailii ng an array of
sensors, the array having a set of row 5 conductors each connected to the
sensors in a corresponding row of the array and a set of columm conductors
each colmivetbdck madee ramboss ..i.m arecbeatedghmiigragficsbblock aff Ankd array such

that each.,sensor 1S connected, bet.ween row conduct or, and, a col um
conduct CHITHIRENG sthsa FERAEIG €1 e IHriaeal spauBtce Ppwalsperismen Lumadne i n
the arraybsdqpisho R dnaltipRXIhCHepSs. TRIBRhéthoBIs ABt SMfBlant DI HsEhY 3PN
pul se to the correspondi ng row conductor to activate the sensors in the

r ow, 2Gpisaging;palse avdihsgthindsle are of gempasaklerenathoHowevex,gheswitching rate

pr edet i i i i i se.. and
Gur i mg PRYREE o dHEfodRing boN TSP 3FaRied B b B APl 57V e
dependeadvamagemes atthighechaltiptdxing speed®fit ishhdsirablsiorn ; t, 15, alEARIt® cbher r ead
cycle for at |east one row, is co}rlrrgfnced during the predetermned tine

i nt er vaNesAITH NI ES gVéh%"ftﬁFle% made; aRd for thatwaiichbatmablote thateld in cl ai m
1, whergbBk MISRRING 116 A ﬁ{g@f bRi tikY@iceon pul se
is a heating pulset 'rtleatut ergg@%f@bgh@ﬁ@f@ﬁegﬁgr%%ﬁ% 'ég\rﬁfclgbl e
char2fcttbeiramber of nowsi st ance. 3. A nethod as clainmed in claim1 or claim2,
wherein the read cycles for a plurality of rows is comrenced during the
predeterm ned tine interval of the read cycle for another row. 25 4. A
(r:reg Ihgg liaﬁrif% gbgflg%arumgamd RIaRA®S operationk Tonll 15é Yol B8Idcied feHHdMinghe T ead

Y reading is connected to a voltage source. All other rows remain floating. In

particularly preferred embodiments of the present invention, heating and reading
30 potentials are adjustable within a range of OV to 12V. Normally, the reading voltage

will be of the order of between 1V and 2V. However, for heating an operating point

close to thermal resistance instability may selected. Because of the relatively low

duty cycle /T of pulsed heating, peak currents of up to 10mA per sensor 10 can



5. Anethod as clained in claim4, wherein the reading pul ses are applied
30 alternately with the activation pulses. 6. A nethod as clained in claim

4, wher ei wongaup of the readi ng pul ses are applied alterp@aymoyoiské h a
correspondi ng group of the activationipul ses. 19 7. A method as cl ai ned

in any of clainms 4 to 6, including, for each sensor in the row, determning
the difference between val ues detected during successive read cycles. 8. A
met hod &scwé diheseforey ihisydasirable ige fembeatinmrolkags aswrcatie pedvide aéleaspl i t ude

the' dur 300 S Eitedtib A58 Biode 2 4 L8O Mt HEsSns 10007 e readi ng.
pul se. 10 9. Apparatus for reading an array of sensors, the array having a

set of row conductors each connected to the sensors in a correspondi ng row
of the #i$ gesabledonperale thghiidges dormed by $he senseorsistanees Bs ahd thensor s

in a 9ogéﬁé§9égdétegsuﬁ0'w%r?¢ nddfmBHE 3K @@@H the%pﬁg‘ﬁgggggb;g%ptia igigject ed

between a row conductor a a colum’ conductor, S conprising:
15 for eadh, withvaofieseingninimizing tepaitiveylpading effedts.sThis denfamds tHariheg a read

cycl e, | ving an actjvatj.on | se to the correspaondi ng row conductor to
atti vat B0gE bR Voliags b ARG ASSOIInGVa TAelRIptRy TSEIAEEVE YaIURS 1 ow

conduct gho@l He*Sofeld Rir cachr RARLEA BliRSRr bkaBpId LlobR!up B8 & mﬁeﬂh hfe
activation pul se; and, for each sensor in the row, a detector co nec?ed to

t he cor veliagamsburges shootd ke pthvidert for@ach@odienbc Ai probledu withghishe r eadi ng

pul s val ue dependent. on a.vari abl haracteristic of that sensor;

Wher P nBriBoRBslt BRRE bish ufbindlinglin fie BRGR sTagR sefiis it Agrreieed

pr edet eand Redcé bilds Nipar¥sherahtly BR the 88T L8nd@ior 58 NeEwERY. trﬁé 10.
Apparatus as clained in claim9, wherein the sensors are thernmal resistance

sensor stechpifugceiciiaes dhe gunaeia rengetpraviding acdeptable readingthysavenalardersn t he

ol ai mod] faBpie. g bin BN RAEHagyhing 3202 PR SrpintetorBR b ar i 1y
of rowsbits ef comresioachcturadydstsuffidistdarbeidedinrg: therfalamdieg veltagd id fagckerpd
cycl e _for another r paratus as clainmed in claim9 or claim

OoW. 20 12. Ap g ] |
10, whewdhd 7tNoitsiegrlytions iy peferied pmbodimpats @idhe pyesary invention bixder . 13.
Apparatus as clained in claim1l1l, wherein the signal source applies the 5
readi ng pulses alternately with the activation pul ses.
Because of the aforementioned noise considerations associated with independent

bridging voltage sources, it is preferable to derive the balancing voltage U, from the
row voltage. In a preferred embodiment of the present invention, the bridges are

20 balanced individually via programmable gain amplifiers.

In an embodiment of the present invention, the sense amplifiers each measure
resistance variations typically of the order of AR/R~10"* with 4 bit resolution in a time
multiplexed, sampled environment. The sampling interval t, is between 0.5us and

25 30ps with a minimum dwell time of 0.5ps at a maximum multiplexing rate of 1MH z.

Referring to Figures 9 and 10 in combination, in a preferred embodiment of the
present invention, each detector 125 comprises a boxcar integrator 150 including a
virtual earth feedback amplifier having an integrating capacitor C; in its feedback

30 loop, and switches Sy and S, deals with the transient nature of the read signals with
acceptable efficiency. At point 1, the integrator 150 is reset by closing switch S,
thereby discharging capacitor C;. After a period t,, switch S; is opened thereby storing

the result of the integration in capacitor Ci and providing the result at the output.



14. Apparatus as clainmed in claim11l, wherein the signal source applies a
group of the reading pulses alternately with a correspondi ng group of the
activati owgvmes. 10 15. Apparatus as clained in any of od@EimBe1/diksé o 14,
wherein the detector conprises a subtuécter for determning, for each
sensor in the row, the difference between val ues detected during successive
read cycles. 16. Apparatus as clainmed in claim15, wherein the detector
conprises a nenory 15 for storing the val ues detected during successive

read cyc : u s cl.ai i [ : r Qi he nory
conpri sebsger{néﬁgﬁ ﬁ\%géﬁﬁf Zag‘a@%ﬂrngiéllgﬁgﬁ@.e F'Jfg %&gﬂﬂﬁgﬁaﬁ Ltjlge hgesgln imed in
cl ai m 16invehtosieachidetestopn 25 comsisessa bw noikermplile?. 16b%havipamigiis as
claimed jn anpy of clains 10 to 18, wherein the detector conprises a

bal anci n§'RRSIAEGNRGFEWSCHRDIREQ Bie HAQ hetwasm S iRs@SIo) anhtissenaatuct or
via a sepamsihsed AL 6f tl’@ﬂ'i@gezeﬁé%g@f@é\hiidrﬁﬁa%frﬁf\sigﬁw%é Gtk 786 igdr op
0. Appar at us clarmed in claim 19,

-aCross the sense resistor. wher ei n
t he det epreferablyntis¢areecied frotretieatridgef during loeating viaea highmpeecdf switsh $80se

[ifi .. 30.21. | .ai med in..cl ai 0, wh in the defect
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the digital value. 2 . Apparatus as claine aim erer’n the
det ect ordigitizpdibyean andlegue 4 Widitab (A/D) iconweyomty7d.Ehe digitizedodutp tteofithe anci ng

ol t I ' endence .on .t out put the a e to djgital
conveltl D' 665ton KRG EHER 02 e SheBEn o RBr Saf Gl gy o shoiotus

resi st anf® theedAipletelrStriXNs AkcOSEd Sy apé@&ingfsz%m&ﬁh%uﬁémiﬁcuﬁgw connect ed
to the sensors in a correspondi n? row of the array and a set of colum

conduct d¥&abele Ane aherateddo each keluwam sondugtar §0c éy preblemdissgciatdciwith Hisof
the arr ' ) I onduc and a
col um cHritEe s AEFRIARE Migb SYRERIF R o BRS rerilitef e iADS Ty
readi ng ddmveetor 4Y0 f@acobptiiile read baEThig Prevleasiscraphifst by réduing 23
furthg cor@ri.si nP a data 15 st oraege diumfacing the array. 20 .A3u. A

.~ 9. AP fOIgIption of 3&169% ConsisignbeIgrenfie next sowinfed Thintimeintral . A

U A3" _. 238t blstiBstintid-ldrigdk tBR th, which can be as short as 0.5ps at the

maximum multiplexing rate for a 32X32 array

Referring to Figure 12, in a modification to the detector 125 hereinbefore described

20 with reference to Figure 11, the aforementioned dynamic range problem is
addressed by providing two alternately activated boxcar integrators, 151 and 152, for
each sensor 10 in column. Suppose row n is addressed. Accordingly, resistance Rs
of the n™ sensor 10 in the column is detected. Suppose further that the
corresponding integrator 151 is loaded with new data. The corresponding integrator

25 152, holding data from the sensor 10 obtained during the previous read event, is
deactivated. After data sampling, the contents of the integrators 151 and 152 are
subtracted by a subtracter circuit 190. The resulting difference is digitized by the A/D
convertor 170. The digitized difference is stored in the memory 180. 32 multiplexing
steps later the same sensor 10 is addressed again and the process is repeated with

30 the integrators 151 and 152 interchanged. A net effect of this procedure is that data
Is high pass filtered with a cutoff frequency equal to the frequency with which the
sensor 10 is addressed (e.g.: 1/(32Xtn). Thus, low frequency offsets are

automatically canceled and correspondingly fewer bits are needed for repre senting
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10* @GRa0da the Q/Alm!&e(tpr 220 Yeonvertor 220 generates an analogue offset
voltage in response to the running average. The resolution of the D/A convertor 220

is preferably matched to that of the A/D convertor 210. The offset voltage is
subtracted from the measured signal by the subtracter 190 to generate a difference
signal. The difference signal is digitized by the A/D convertor 170 and stored in the

25 memory 180. This arrangement advantageously permits a reduction of dynamic
range in the A/D convertor 170 based on the accuracy with which the compensation
voltage can be generated. In the example hereinbefore described, a resolution of 8
bits in the A/D convertor 170 suffices.

30 Referring now to Figure 14, in a modification to the embodiment of the prese nt
invention hereinbefore described with reference to Figure 12, the resistance bridge
is balanced via a feedback loop 250 comprising a D/A convertor 230 having an

output providing the balancing voltage Us. A look up table 240 is connected to the
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The corresponding value for Uy stored in the look up table 240 is applied to the
bridge preferably via a programmable gain amplifier. The resistance of the sensor 10
is then sensed in the manner hereinbefore described and the digitized reading is
stored in the memory 180. The balancing voltage is updated by subtracting a

10 constant fraction of the measured signal from U,. This provides an integrating

feedback action. For a 32X32 array, the time constant of the integrating feedback
action is determined by the multiplexing cycle time, 32Xt, and the overall feedback

gain.

15 In a sampled system, the temporal evolution of U, differs from that of a continuous
case. In particular, oscillatory and eventually unstable solutions exist for sufficiently
high gains. For example, consider a sampled linear system depicted in Figure 15.
The feedback transfer function is defined by the following equation in which discrete
time steps are denoted by the argument k:

20 '

AUb(K) = Up(K)-Un(k-1) = -AAU(k-1)

The closed loop step response function can be expressed in terms of the following
iterative relationship, in which Rs=dU/dl; is the differential resistance of the sensor
25 10:

AUp(K) = (1-A/(1+R/Rs))AUb(k-1)
This effectively defines a geometric series which is convergent for:

30
0 < A/J(1+R/Rs) < 2
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<& () -! Reféiridigte&Figurez t&HA GURRN ATy, mathédd hake bperP@Leivthéfdre-folbMdding an
vawlw(/)wgﬂ\elg éflse%lggrslr?efving a set of row conductors each connected to the sensors in a
correspondlng row of the array and a set of column conductors each connected to
the sensors in a corresponding column of the array such that each sensor is
connected between a row conductor and a column conductor. The methods
comprise: for each row of sensors in the array, performing a read cycle comprising,
15 at step 300, applying an activation pulse, to the corresponding row conductor to
activate the sensors in the row, applying, at step 310, a reading pulse to the row
conductor on expiry of a predetermined time interval from an edge of the activation
pulse, and during the reading pulse, detecting at step 320, for each sensor in the
row, a value dependent on a variable characteristic of that sensor. In preferred
20 embodiments of the present invention hereinbefore described, the sensor are
thermal resistance sensors, the activation pulse is a heating pulse to heat the
sensors, and the variable characteristic is resistance. However it will be appreciated
that the present invention is equally applicable to other types of sensors such as
capacitive sensors, for example. The read cycle for at least one row is commenced
25 during the predetermined time interval of the read cycle for another row. Examples of
the present invention have been hereinbefore described with a reference to a data
storage system. However, it will be appreciated that the present invention has many
other applications. For example, the present invention is equally applicable to
topography visualization. It will be appreciated that the present invention is especially
30 suitable for semiconductor topography visualization for testing integrated circuits in a
semiconductor device fabrication facility. Examples of the present invention have
been hereinbefore described with reference to a 32X32 array of sensors. However, it
will be appreciated that the present invention is equally applicable sensor arrays of

different sizes and aspect ratios.
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set of column conductors each connected to the sensors in a corresponding co lumn
of the array such that each sensor is connected between a row conductor and a
column conductor, the method comprising the steps of:
for each row of sensors in the array, performing a read cycle comprising

10 applying an activation pulse to the corresponding row conductor to activate the
sensors in the row, applying a reading puise to the row conductor on expiry of a
predetermined time interval from an edge of the activation pulse, and during the
reading pulse, detecting, for each sensor in the row, a value dependent on a variable
characteristic of that sensor;

15 wherein the read cycle for at least one row is commenced during the

predetermined time interval of the read cycle for another row.

2. A method as claimed in claim 1, wherein the sensors are thermal resistance
sensors, the activation pulse is a heating pulse to heat the sensors in the row, and

20 the variable characteristic is resistance.

3. A method as claimed in claim 1 or claim 2, wherein the read cycles for a
plurality of rows is commenced during the predetermined time interval of the read
cycle for another row.

25
4, A method as claimed in any preceding claim, including initiating the read

cycles in row order.

5. A method as claimed in claim 4, wherein the reading pulses are applied

30 alternately with the activation pulses.

6. A method as claimed in claim 4, wherein a group of the reading pulses are

applied alternately with a corresponding group of the activation pulses.
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8. A method as claimed in any claim dependent on claim 2 wherein the
amplitude of the heating pulse is greater than the amplitude of the reading pulse and

the duration of the heating pulse is less than the duration of the reading pulse.

10 9. Apparatus for reading an array of sensors, the array having a set of row
conductors each connected to the sensors in a corresponding row of the array and a
set of column conductors each connected to the sensors in a corresponding co lumn
of the array such that each sensor is connected between a row conductor and a
column conductor, the apparatus comprising:

15 for each row of sensors in the array, a signal source for, during a read cycle,
applying an activation pulse to the corresponding row conductor to activate the
sensors in the row and applying a reading pulse to the row conductor on expiry of a
predetermined time interval from an edge of the activation pulse; and, for each
sensor in the row, a detector connected to the corresponding column conductor for

20 detecting, during the reading pulse, a value dependent on a variable characteristic of
that sensor;

wherein the read cycle for at least one row is commenced during the

predetermined time interval of the read cycle for another row.

25 10. Apparatus as claimed in claim 9, wherein the sensors are thermal resistance
sensors, the activation pulse is a heating pulse to heat the sensors in the row, and

the variable characteristic is resistance.

11.  Apparatus as claimed in claim 9 or claim 10, wherein the read cycles for a
30 plurality of rows are commenced during the predetermined time interval of the read

cycle for another row.
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5 reading pulses alternately with the activation pulses.

14.  Apparatus as claimed in claim 11, wherein the signal source applies a group

of the reading pulses alternately with a corresponding group of the activation pulses.

10 15.  Apparatus as claimed in any of claims 11 to 14, wherein the detector
comprises a subtracter for determining, for each sensor in the row, the difference

between values detected during successive read cycles.

16.  Apparatus as claimed in claim 15, wherein the detector comprises a memory

15 for storing the values detected during successive read cycles.

17.  Apparatus as claimed in claim 16, wherein the memory comprises an

analogue integrator circuit.

20 18. Apparatus as claimed in claim 16, wherein the memory comprises a lookup
table.

19.  Apparatus as claimed in any of claims 10 to 18, wherein the detector
comprises a balancing voltage source connected to the corresponding column
25 conductor via a sense resistor and a sense amplifier for detecting voltage drop

across the sense resistor.

20. Apparatus as claimed in claim 19, wherein the detector comprises an
integrator for storing the output of the sense amplifier.

30
21. Apparatus as claimed in claim 20, wherein the detector comprises an analogue
to digital convertor for generating a digital output indicative of the value stored in the

integrator and a memory for storing the digital vaiue.
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an array of thermal resistance sensors, the array having a set of row
conductors each connected to the sensors in a corresponding row of the array and a
set of column conductors each connected to the sensors in a corresponding co lumn
10 of the array such that each sensor is connected between a row conductor and a
column conductor; and,
apparatus as claimed in any of claims 9 to 22 for reading the array.

24. A data storage system as claimed in claim 23, further comprising a data

15 storage medium facing the array.

20



