PREPRINT UCRL- 79370
LN

F CanP- 2ot ad- =] ]
Lzwrence Livermore Laboratory

}OS SOLID-STATE DETECTOR ARRAYS FOR X~RAY IMAGING

¢ Louis N. Koppel

April 18, 1977 el 1

Infrnge prvately waned iahts

This paper was prepared for submission to the SPIE X-Ray Imaging Symposium
! April 20-21, 1977, Reston, Va.

1

This is a preprint of a paper intenced for publication in a journal or proceed! - 3s. Since changes may be nade
befcre pubtication, this preprint is made avaifable wilh the understancing that it will not be cited or reoroduced
without the permission of the author.




SSPA

HDS SOLID-STATE DETLCTOR ARRAYS FOR X-RAY IMAGING

Louis N. Koppel
Laurence iivermore Laboratory
University of California

Livermore, California 94550

Abstract

e have u.ed (ro types of HOS detecior arrays to sense divectly patterns af soft x-rays, in the
Lasrence Liversare Laberatovy expa ion progrem. A linear self-sconning photndiode array
{5SPA) 15 used in o woeve-Tength-disper stectraseter. A frame trantfer charce-coupled device {CCO}
f..cxh' s Lhe use an x=rey micruccnpe, Measurcwents and calculations of the x-ray sensitivily of
these devices will bz presenied.  Their Tinearity and dynamic range uill be discussed, as well as data
recevery systems for ecch detecter. We will describe our expenencc, 17 using these devices Lo detect
pulses of x-rays in lacer-fusion qppn

Introduction

In llm experimentz]l laser-fusion program of Lawrence Liverinore lLaboratory, microz-opic tarqcts
mixtures of deuterivm~tritium fuel are heaied and cos. sed by high-brightness laser beams
itiate Inertially-vonfined thermonuilear reattions, The wost intensely-heates portions o7 the

{s rodiaie soft s-rays, Diffraction crystal spectrographs are wsed to delermine the spectral
ributions of this radiation. Also, imeging devices such as the x-ray microscope and pinhole cameras
routinely coritor Lhe uniformity of heating of the targeis ond the deqre. of furl comurassion achieved.
The usual focal plur: det - for the spectroscopic end imaging insie nts is photographic film, We
have investigated as repl 1: for Tilm two types of xeray-sensitivo, spatielly resolving, solid
state detlostors, @ jiensicnal Z5PA for the spectrometer and a tun-dimensional CCO far the x-ray
microscepe and ather ging dnctrvzents, e veport here on measurements of the x-ray seasitivity und
respense characteristics of each iype of detector, and oa the wse of each in laser-fusicn exyeriments,
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The SSPA detector is a planar silicen device huilt by KOS technoiogy. It incorporates en a single chip
of silicon a Vinear array of diffused ' junction photediodes and a scakning circuit th.t sequentially
biases the photodicdes and reads out iheir yesponsas to radiation.

The phiotadiode arvav is formed hy diffusing into the surface of an n-type subsiratle a series of
shallow p+ steipa, Tne strips are each 12.7 wu wide, paraile, to the cestertine of the acray,
lorg. Yhere are 512 sirips on Lhe array, spaced an 4 ym centers. By the action of the scann
a thin Jerion Javer establizhed at cach junction of a p+ strip with the substrate,
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The scanning circuit is a digital shift register consis
circuit causcs the photediodzs, one afier another, {0 be co x.Lctf‘rI
runs beside the photodiote zreray. t vime that the act is maintained, the voltage os the
1ine reverse-hiases the aicde, fo ion layer at tke junctien, Afier contact with tha lias
line is brcken ny tha scanning circuit, the depletion layer is maintained by charge stored &t its boundurics.

The depletion Yayer thus appears as an isplated capacitor wlose stored chavge can be Aissipated only
by current sources in the silicca.  Photocurrent ger ed by the abserption of x rays near the juaction
is onc source, a5 1S Lherma st The extent to which these sources discharge the depletion
Teyer duving an inLen scans i sensed as & vecharne currcnt in the bias line when
the plistedicde is neal addressed by the scauning circuit, A Lrain of recharge crrent spikes on the
bias Tine during a scen constitutes the outpul signal of the SSPA, .

'Hu- uJu.nI operaling fr l-qurnu._s of an SSPA arc much too slow to allov tine disseckion of the
Tas 3 a. In anr applicetion Lhe SSPA shift renister §s clocked at 1060
8. ms. Al photacurrent doe ta ihe puls
} ins lmuJy at the phutodivde junction, when coapared Lo

ol lasor plasm
tiuic scale of opmralion
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A useful consequance of this situation is that it is unnccessary to synchronize the scanning of the
SSPA wilh the time of arrival of the lascr radiation pulse. If the loser .vent occurs in the mildle of a
scan, a portion of the SSPA signals are recovered immediately during the remainder of the scan, while the
rest of Lhe data appears in the following scan. Hence we run'the SSPA in a frec-running, continuously

. scanning mode without loss of data.

X-Ray Sensitivity

te have found that the SSPA detector is fairly sensitive to low energy x-rays.! Figure 1 is a
schematic cross-section vicw through the photodiode arvay that suggests the mechanisms {er collection
of photocharge at a diode junction. The active sensing region at the junction, resresented by Lhe
depletion Y:yer, is only about one micron thick, due to the low bias voltages (x V) Lhat can be
tolerated by 10S circuil.y. A significant contribution o an x-ray-induced signsl is made, however, by
the diffusion Lo the depiction layar of pholocharge created in the passive substrate rcgion below the
Junction.
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Fig. 1. Schematic cross section of the x-ray~ _ Fig. 2. X-ray sensitivily of the self-

sensilive portion of Lhe photodjode array. scanning t-.wtodiode array.

For Lhe low resistivity silicon used as the substrate of the SSPA, the minority carrier diffusion
tencth ic of the order of 50 ym and the charge collection probability increases exponeniially with
diffusion length. Ve have calculoted the x-ray sensitivity of the SSPA, accounting for depnsilion in the
~ctive end passive regions and for atteruwation in a 1 pym-thick passivating layer of silicon d’oxide that
covers the photodiode array. The results of the calculation, as shoum in Fig. 2, compare favorably
with experimentally-peasured censitivities obtained with a calibrated x-ray machine. The mininum
detectable flux is of the order of 8 x 10C photens/cn? at 2 keV, ceaparable to that of comnon x-ray film.

He have also found that the SSPA response is a linear functien of x-ray dose. The dynamic range of
the detector is limited by amplifier noise and other faciors to a value of about 100:1.

Digital Data System

The sorial data forat of the SSPA lends itnelf to Lhe pracessinig of signal levels by digital
techniques. Me have built a data syslem that vecovers digilized data from the smectrometer and
distributes the information to vavrious output devices. The system, which is dicaravmed in Fi
includes a sample-and-hold circyit, an analog-to-digital converler, and a tet of solid-state w ns
into which the signal levels are Toaded. A counter civcuit synchronizes the loading of the wonovy witl the
time of occurrence of Lhe lauer pulse, so that a full set of data is recovered even if ihe puisc arvivas
in the middle of an SSPA scan,

An Inted 8080 microprocessor in thin data system performs several arithmetic opei tions on the raw data
and controls the distribuiuion of the final data. Signal Tevels obtained du a scan after the x-ray
event are subtracted, clewent by element, frowm the sl;nt data, The results are then multiplied by an
arrav of predetersined factors that account for variations in sensitivity belween the pholudiedes, The
finai data szi is then distributed to a CRT display unil, en x-y ploiicr, end a leleiype,

Laser Fusion Cxper

The spectrometer has beon used with gnml rcsults on & series of Jeser-fusion expevisonls ot the
Lawureace | i Figure 4 is an exauple of Lhe specirun of
Yine radiaiion obtaincd for glass micresphere experia The qualicy of the data is cosparable
recovered viilh photographic ¥ilm,  The smount of time and effort vequired to produte the spectrm are
greatly reduced, Lowever,
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based digital data systen.

CCB Video Sensor

The ert of building metal-oxide semiconductor (M0S) solid state sensors for use in teievision (TV)
sysleas nas r(L(‘\\‘((. a great deal of attention in the last few years. Of the various types of detectovs
(hal re n v e, those built as CCD's  appear to be the rosl highly develuped anJ to have tho
nuasber of ;nr'lna cuent (pixel) sensing sites. The sensor we chose o evaluate
This 0D is unique in that the two functions of a video ..nsor, the gencration of
e plotosensitive sampling sites and the read-out of the sivnals by a scarming netuork,
Iy the seme struciural couponents of the unit, an array of 320, parallel, cherce-
ated area of the chip.?  This architecture gives the ST
able video detectors, of sensing ionizing radiation withoul

signals at dl
are bell [ o f
couplcd shift
best prosper ired Lo other av
disruption of its operation.

Other types of sensars, perticularly scif-scanntaug photodiode arrays end charge-injeciion devices,
ere hwilt wilh discrcte scanning usbworks laid down hetwecn the photoseasitive pixed reaicns.  Photo-
t cenerated in the netwoo ks can gisrupl scanning operation. The devices are rormally builtt with
Tight-o6egie rasks of porated over Lhe nelworks Lo prevent illumination of the latter., Thece
shiclds are - L x-reye, hovover, and we anticipated Lhat devices built with discrete
scanning systens 1 the {ield of illuminalion right wol Tuncifon preperly for x-rays, particulacly for

transient [ (RETT VN

cut
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A charge-coupled chift vegister is a series of clese-spaced 1'0S capacitors built on a cony
sulbistrate.  Aqplying & bias voltage to the metad electroade of & capaciter crcates a potential well of
arbitrery depih 1u vhich charge carviers will colleck., I & deeper well is created under an adjacent
capacitor, the ¢ i1l divfuse into ot frew the fivst well, by the proper clocking uf bias voltages
along the wult.u-r chitvge paclels con be shified down the regisier 30 an orderly fasiion,

tical frame transfer format, As illusirated in

The architecture of the SIDLI232 36 known as the v
Fig, G, theee are arveos allocated on the front surface of the devies for sensing a field of TV fnfore
for l.'uliuq the dield outside the iVhesinated area prior Lo readeant, sud for the Tine-by-Tine shifting of
the sigmly Lo en tu||'|'1. precmplifier by a horizonts) raaister. The 3720 veqislgrs af Lhe seasing erea,
on the upper bl of the devicer, ae cont 1 inta the Jewer half o creat s e
ind: h nt drive connections for the (ve areas, hvevar, amd (Pey are opy i unison ondy durdng (ke
vertjeal traneder o the isege inforalion ra the iSing prea Lo the storage area, AU all other tives,
1he sensing area is biased to orcale a maliiy of photosensmts, in a maner Wal will be doseribed short.y,

1ion.
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Fia. 5. The vertical frame transfer Toirmat of the Fig. 6. Potential diagram for a photosenser
RCA SID51232 dwager. The storage area and herizontal cell in the S10 detector. One of the three #03
register are shielded from ligh: and x-roys. capacitors in the cell is biescd into depi~tion.

while the storage arca is driven to shift the image informatinn hne-bv linc onto the horizorntal output
register.

The 51D sensor was purchased from RCA as a component of a complete clesed-circuit T¥ crmera system,
which bears the .odel rumber 7C 1155 AD,  The camera conftms with the 675-1ine, television systcn
standard, R3-170. At our request, RCA did act bond the glvss window Lhat protects the ¢ of Lhe
SID sensor to its header, but rather taped it in place so that it cculd be removed for x-ray deteclion.

The camera was oparated most of -zn in a vacuum, Since the cemcca dic ipated 64 and corld not Le
ccoled convectively, we took the precaution of operating the cameva for only one minute at a tiume,

SID X-Ray Sensitivity

The manner in wiich the SID senses radiation is illusiratad in Fig. 6. E& h of th 121 shift
registers in the device's sensing area is divided nlo 256 identical celin, each of which contains 3 NS
capacitors. To sense padiation, one of tho three capecitors is biased to create a deplelicn region in the
silicoy subsirate benzlh it. Charge generatcd by photon cbsorption and therwal d [ sourc
coll-cts in the poiential well of the depletion layer, e Other o capucitars the cell are b
into accumulation to more ceupletely isolale Lhe photosensor well, During alternate scusing -
capacitor under which the photoszensor is forpad is swiiched hetwesn the three av:nl«hlc
is to increase Lhe cifective spatial reselulicn of tug sensor and to coafeirm to the
an interlaced field iV formnt., The ceWl try of the SIRL1232 is a squere, 30.5
dimension sets the hasic Hiit of spatial resolution of the detector,

crons on a sice. This

Charge created b,» pheuen absorplion vithin ihe depletion layer has a high pvobﬂnhly of contributing
1o the plotoscusor s swnal The onty sigaificant machanism Tor Toss of piotochzrge in th: depletion
layer is reced C sites on Lhe intorface of the 510, dicleciric of the ccpaciler and the
substrate siticon. g'nora‘cd hele the deplelinm lajer, d"cpkr into the field-frec suhstrate, can
als0 contribuie 10 Lhe signiy by diffusing up to the depletion Yayer., The efficiency of charge collectivn
by diffusion is determined Ly the bulk rccombination properties of the substrate.

SID Spectral Sensitivity

Experinental measurcments of x-ray spectral sensitivity were taken in a calibrated, Tow enerqy x-ray
machine, This is 4 dc source of nearly munochrosutic characterisiic x-roys with photen energies at ejght
poials in the sange Trow 1.5 Lo & ke¥. The warking valume of the sachine is cvactated, and the boaw
strength and spectral cenfent are ponitored by-a lithiun-drilied silicon detector. The effect of
contamination on Lhe noned Ly measurcients was aceounted Tor by a speotrmm-unfolding cod»,  The
experimental val s fop sensilivity ere slown s data pointe in Fig , for an assumed signal integration
time of 16,66 ro and pixed size of 20,5 x 30,5 am, As wilY o2 described in the n i
rieasurciiants indicaled o uon-linear cesponse for the STU detector at modiun-to-high sigaal Tevels,
g‘;lcu‘}allng the spectral sencitivity, Lhie relevant dota were novealized Lo a unifori signal leve) of

25 V.
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Fig. 7. Spectral sensitivity of the SID detector Fig. 8. Characteristic response curve of the
for soft x-rays. Thke points are vrawured, and the SIy detector for E-keV xerays. Tach of the Lwo
curve is a it desived from a siuple photecharge of the cui.. are lirear to within
colleclion nodel. experimental accuracy.

The ritio of sentitivily on cither side ¢ wvhe silicon absorption cdge jwplies a thickness ef 174
pgfem? of wilicnn for the electrods ‘tnxctvlw "w\'ﬂ the sensilive subsi-ate. This value is rn..--v*nsurate
with silicon and siifcon divgide tayers of L000 " cach, reported Ly the nunufacturaer of the ST

1 that acceonty foresignal generated by photon absocption in the depletion layer and in

nle 1mo
o regien vas fitwed to the esperimental data.  The nodel Tormuela is:

si
the subsirate ¢ifl
o b
Se[:c (suox)g; . E("lwx)siﬂz . (1 L elmox)gy o —‘TS_L_"”N L elmiex)yy )'
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CLHT
where . -
S is the zensitivity, . ,
photon/cm?

E is the photen encrgy,

(-1ex)ST, (-ex}3i0, dosevibe L[I clectrede and silicon dioxide attnnuation.
(-)lp " dese 5 the T tion layer attenvalion, and
Lois L wdnority v:uu er diffusion Tength,

Good for values of depletion tayer thiclkness and diffusion length of about 5 and 50 um,
1y,

The {it
respocti
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SID cemazra vere talen on an air-path x-ray
shoan v r1gq. &, the cumve has o Tinear
i1-sca’e,  The upper hurt of tho curve
hange @, s1ope in the response curve is

b..‘n &w ke panma correcticn circuit.

Data tn deter
machine tht g
regions, with en @
af e o 31 off towards saluee l7m In-jm\d (»'.(J Y.
proguced By an el oat dn Lho caucra's video andtiiier

the nnise tevel in the video signal was no greater than 25 mV,  ile define the
minisun d2tectente signat as (v having ¢ 131 sienal-io-noise ratie.  From tho linear curve, wa Tind

Lhet the TTux reguived to prodoe o sigeel of 640 Y 5 49 Linus greater Lhan Lhal to produce o w

lence, the mofn] dync e ronge is 491,

In our meaLue

ic ranee of Lhe <ensor do not appear to be Tigh enougn to assist in the
faents with wontinuous x-rey sosrees.  raever, the use of Lhe sensor
pi o sources appears feasible,

The sens tivity and dyaas
calitwalion of x-1av imaging o
with high-brights Yaser fus

Bovaye

sy SU ded Lo suffers a peinonent redustion in baseline valtore ond sensitivity afier it hos
recetved Tavas oy of Jonising radiation,  #ith tha canera open , an ineisent Ciwn af 2l
A I phalon S el Copper radiet jon capnes o b6 m¥ baselin L and a 3% reduction in sonaitivity.

HE
Thtn flux 35 suleicionl Lo prodece neardy 2600 1Y THe Vith Till-aoele sigrals,
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The demage may result from photoyencrated erarvge trapped in the dieleciric silicon dioxide.
Tropped oxide charge rrduces the electric field strength at the surface of the substrate silicon and is
especially effective if concentrated at the dielectric substrale interface Ly the sweeping action nf an
applied electric field. He observed thal the detector was damaged more veacily if the camera was h
operating, rather thar heing turned of f, during irradiation. -
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