
' LA-UR -90-4184 _.DA,)/"c- qO 1_)_,, L_.._) .... /_

' r..,
I dAN 0 8 1991 DE91 005896

Los Alamos Nahonal Laboratory is operated by the University o! California for the United States Department of Energy under contract W t405-ENG-36
mini ,mill],, ,,iii , i i i i i IIIIIIIIR i i

L...

TITLE' 'rESTS OF THE RADIATION HARDNESS OF VLSI INTEGRATED CIRCUITS AND

sILICON STRIP DETECTORS FOR THE SSC UNDER NEUTRON PR ION, AND

GA_NLA IRRADIATION

AU]HOR(S) (Full Name) Group or Athhahon

H(ans)-J(oachim) Ziock (P-2), E(dward) C. Milner (MP-4),

W(al. ter) F. Sotmner (MP'-5), l.os Alamos National l,almratory;

AUTHOR(S): N. Carteglia, J. DeWitt, 1). I)orfan, B. Ilubbard, J. 'l,eslie,

K.F. O'Shau,_,Jmessy, D. Pitzl, W.A. Rowe, II.F.-W.

S;Jdro,:it_.,-;ki, A. Selden, E. Sl>enter, Snntn Cruz ln';t itutt'

lot Particle Physics, Univ. of California, Santa Cxt,z, CA;

,I.A. Ellison, Univ. oi California, Riverside, CA; 1'.

Ferguson, Univ. of Missouri-Rolla, Rolla, MO; P. Ciubellin_,

'INFN, Tori.no, Italy

SUBMITTED TO: IEEE-1990 Nuclear Science Syrup.

Crystal City, VA

October 24-26, 1990

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents tha_ its use would not infringe privately owned rights. Rcfcr-
cnc¢ heroin to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise dots not necessarily constitutc or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thcr¢of. The views
and opinions of authors expressed heroin do not necessarily state or reflect those of the
United States Government or any agency thcr¢of.

By acceptance of lh0s arhcle, the pubhsher recognfzes that Ihe U S Government relaans a nonexclus_ve, royally-free hcense to pubhsh or reproduce

the pubhshed form oi this conlr_buhon, or to allow others to do so. for U.S Government purposes

The Los Alamos Nahonal Laboratory requests thai the pubhsher fdenttly this aftmle as work performed under the auspoces of the U S Department of Energy

MASTER

LosAlamos NationalLaboratoryLos Alamos, New Mexico 87545

.o.,_,_o 836.. _STIllRi.ITION OF THIS OOCUMENT IS UNLIM!TE_n
ST, NO. 2629 5/81



' Tests of the Radiation Hardness of VLSI Integrated Circuits and Silicon Strip Detectors
for the SSC Under Neutron, Proton, and Gamma Irradiation

H.J. Ziock, C. Milner, W.F. Sommer,
Los Alamos National Laboratory, Los Alamos, NM 87545

N. Carteglia, J. DeWitt, D. Dorfan, B. Hubbard, J. Leslie, K.F. O'Shaugtmessy, D. Pitzl, W.A. Rowe,
H.F.-W. Sadrozinski, A. Selden, E. Spencer

Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, CA 95064

J.A. Ellison

,' University of California, Riverside, CA 92521

P. Ferguson
University of Missouri-Rolla, Rolla, MO 65401

P. Giubellino

INFN,Tofino,I_ly
Abstract including donor removal. Tile readout electronics presently

designed use two technologies: an amplifier/comparator stage
As part of a program to develop a silicon strip central built in bipolar technology for low noise, low power

tracking detector system for the Superconducting Super consumption, and high speed; and a data buffering stage built

Collider (SSC) we are studying tile effec:s of radiatioa damage in radiation hard CMOS V/,SI technology for low power
in silicon detectors and their associated front-end readout cor,sumption. The effect of radiation on the gain of bipolar
electronics. We report on the results of neutron and pro:on transistors, and simple functioning CMOS circuits was
irradiations at the Los Alamos National Laboratjry (LANL) investigated.
and 'y-my irradiations at U.C. Santa Cruz (UCSC). Inoividual

components on single-sided AC-coupled silicon strip detectors 2. IRRADIATION FACILITIES
and on test structures were tested. Circuits fabricated in a

radiation hard CMOS process and individual transistors The irradiations by protons and neutrons used the beams
fabricated using dielectric isolat.on bipolar technology were produced at the Clinton P. Anderson Meson Physics Facility
also studied. Results indicate that a silicon strip tracking (LAMPF) at LANL. The kinetic energy of the primary
detector system should have a lifetime of at least one decade at LAMPF proton beam is 800 MeV at beam currents of ImA.
the SSC. The proton exposure used a small extracted fraction of the 800

MeV beam. The neutron exposure was in the Los Alamos
1. INTRODUCTION Spali._,ion Radiation Effects Facility (LASREP) [1] associated

with the beam stop for the primary beam. The energy
At the SSC design luminosity of !033/cm2sec, the very spectrum of the neutrons at LASREF is very similar tc that

high fluence of particles (= 1014/cm 2 charged particles, an expc.cted to be seen by a central detector at the SSC. At both
equal number of_,-rays, and a few times 1013/cm 2 neatrons) locations the neutron spectrum peaks at an energy of
expected to be seen in one decade by a silicon strip tracking app'oximately 1 MeV, but has long tails going to higher and
system at an inner radius of 15 cm will requu'e systems of very lower energies. LASREF reproduces much more of those tails
high radiation resistance. The electronics associated with the than either reactor or radioactive neutron sources. Fluences

detector elements will be mounted either directly on those equal to or greater than those expected at the SSC can be easily
elements or be an integral part thorex)f, and thus subjected to obtained.
the same radiation dose. In a program to develop a silicon
microstrip central tracking detector system for the SSC we '._re To determine '.he proton and neutron fluences we used foil
studying the effects of radiation damage in silicon detectors and activation measurements. For tile proton fluence the reactions
their associated front-end readout electronics. We rep._rt here on 27A1 + p --_ 27Na + X and 27A1 + p _ 7Be + X and the
results of neutron and proton irradiations at LANL and _/--ray known cross section for those reactions at 800 MeV were used.
irradiation at UCSC. The devices tested included single-sided The neutron fluences were determio_xl in a similar fashion but
AC coupled silicon strip detectors, and test structures. We using numerous different foils and reactions, as we also had to

determined the radiation tolerance of the components found on unfold the evergy spectrum of the neutrons. Our analysis of
the detector surface and damage effects in the bulk silicon the oCutron fluence is not yet complete. A preliminary neutron



" fluence ¢bn was obtained from the observed increasc in leakage BUs
current in a photodiode: Polysilicon Resistors

Guard
l = Io + _nc_nAd (1) Contact Holes --

where Io is the initial leakage current (about 0.3 nA), A.d is
the diode volume, and a neutron damage constant of
etn = 6.6xl017kgcm is used [2]. That damage constant was Bonding Pads

determined for 235I.I fission neutrons using identical 'Metallized Strips
photodiodes at 20°C. The ambient temperature in the beam non-Metallized
stop ranged from 30 to 38°C, as me,asured by a thermocouple Strips
and a thermistor. Diode leakage currents were reduced to their Reserve Bonding
value at 20°C assuming a temperature dependenceof Pads

I- T2exp(-E/2kT) (2)
. .

with E = 1.2eV [3]. Bofll diode contacts were groun,led during

irradiation, The neutron flux was uniform over the area of the, I I
devices.The same technique was also used to determine proton 100 ILtm 3.9 crn
fluences at intermediate times during the proton irradiations. In

that casea value (Xp=' 4.0xl0-17A/cm was used [4].

For the photon irradiation studies at UCSC we used a "r
60Co source, with a dose rate of 25 krad/h in silicon. The

1

source consists of 8 rods each 20 cm long and arranged in a 400 btm
cylinder of 10 cm diameter, thus providing uniform irradiation
over the entire sample area. During irradiation the devices
were kept in a box of 1.5 mm aluminium and 2 mm lead wall
thicknes.,; to minimize dose enhancement effects. The facilities

at UCSC and LANL allowed biasing and active monitoring of
device performance during the irradiations.

3. DETECTOR COMPONENT TESTS

3a. Detectors

We review [5] and report on new results from our Fig. I. Outline of the SI detector. Odd .numbered strips are
systematic study of photon, neutron and proton radiation metallized

effects on single-sided AC-coupled silicon strip detectors. Our From the same wafers, test structures containing diodes,
detectors were fabricated at SI (Oslo, Norway) on high gated diodes, diffusion and polysilicon resistors, and MOS
resistivity n-type silicon wafers from Wacker Chemitronic capacitors were fabricated. Additional tests of bulk damage in
(Burghausen, Germany). The wafer thickness was measured to silicon were made using Hamamatsu 1723-06 PIN diodes.
be 290+10 bun [6]. The reverse bias voltage necessary for full Nominally the _levices are lcm 2 in area, 200 t-tm thick, with a

depletion was determined from a measurement of the depletion 170 frm thick (,,q)letion region, and are made of n-type high
layer capacitance to be 45 V, corresl)onding to a silicon t)ulk resistivity bulk material silicon (4 kff2cm). I)uring the
resistivity of 6 k_2cm. Each detector had 257 strips of 39 mm radiation exposures ali detectors and test strt,cture diodes were
length with a pitch of 25 tta1 (Fig.l). Ali strips were covered reverse bia.sed at 40 V or 80 V. The i)hot()dio(les were either
with silicon dioxide and every second strip had an aluminium t)iasextor ha(l their le.adsshortext.
trace with bond pads for capacitively coupled readout. Each

strip was terminated by a i,olysilicon resistor to a common 3b. Detector Currents
bus line to provide the ground connection A contact hole

allowed access to the p-implant of each strip, qlqlere are three Initial leakage currents irt excess of 0.2 nA per strip at
types of strips: unmetallized, metallized wiflmut bonds, and 80 V bias voltage were found in only 4 out of 20 detectors.
metallized strips. Only every second metallized strip (that is However, the current on the guard ring on 13 detectors was
every fourth of ali strips) could lm bonded out. The active' higher than 2 l.tA at 80 V bias. Detectors with guard currents
detector area of 2.55 cm 2 is defined by a surrounding guard of less than 0.1 gtA were chosen for the ra(liation studies, but

diode, after glueing to printed circuit Ix3ards and I×mding they sh()wext
guard currents of 50 to 100 I.tA. The guar(t current on one



" detector was monitored during neutron irradiation and varied typical of surface effects. The currents were reduced by a factor

between 20 and 110 ta-A.Leakage currents of individual strips of 2 in the bonded region and by a factor of 4 in the floating
were measured on a probe station at a reverse bias voltage of region. At the SSC it is planned to bond ali strips in order to
80 V. After neutron irradiation ali three types of strips showed minimize the leakage currents from surface effects. Our
equal leakage currents (Fig. 2) as expected for bulk damage, measurements indicate that the bulk generated leakage currents

At'ter 3 weeks of annealing without bias at room temperature, will dominate over surface and edge currents after one year of
those currents were reduced by only 9%. running at the design luminosity at the SSC.

Istri ,(8ov,2o°0) [nAl 3C. Polysilicon Resistors on Detectors
3500 • J • , I , = = , ! , , , , ! .... I,,s , , , ! , • , ,

m bonded The polysilicon resistors on the detectors were about 500
30o0 o not bonded nm thick, and boron doped to 2x1018/cm3. In the present

2500 o unmetallized m detector design, neighboring strips have their polysilicon
resistors at opposite ends of the detector. Resistor values of

2000 o 8.9 M.Q with less than 3% variation were measured at one end
. ra

15oo o o of the detector while values of 8.2 Mf_ were measured at the
_:_ other end, again uniform within 3% (Fig. 4). The length of the

lOOO __ resistors at opposite ends are equal within two percent. The
_ u " difference in resistor values must therefore be due to variations

500 in polysilicon width or doping concentration. If those
o '' , ' _ .... _ .... n '' , 'n , ,, , _ ,, , , detectors developed leakage currents of 6 p.A per strip the

o 50 1de 150 200 250 300 difference in resistor values would lead to a potential difference
Strip Number of 4.2 V between neighboring strips or the guard ring and

could short them together by the punchthrough effect [7]. A
Fig. 2. Leakage current per strip af',er 9x1013 n/cre2. Strips 101, lower value for the polysilicon resistors (e.g. 250 kaC'2)should
105.....257 were bonded out. be used tO avoid this problem. Under photon irradiation the

resistor values increased by 15% and satUrated after 0.2 Mrad
Istri )(8ev, 23°c) [nAl (Fig. 5). The increase may be explained by the accumulation
250 .... ! .... I .... I .... 1 .... ! , _ _ of fiXed charges in the oxide underneath and on top of tile

ta . bonded resistors which leads to a partial depletion of the polysilicon

200 o ,, not bonded ,.,.o.,_°,:_,_ > [8]. The irradiation did not introduce any spread in resistor
o . unmetalllzed _o"_:_" '_ values on either end of the detector (Fig. 4). However, theO

d_c9 difference in xesistor values at opposite detector ends increased
150 009% from 0.7 Mkq to 0.8 M_.

° °o o° o

o

lO0

oo
o R [M_]

50 ___ _ 11 ,, ,I,, ,I,, , I, ,, I,,,I,,, !, , ,

0 ' '"' ' 'f'" "'"' i ' ' • '_ 1 ' " _ '--T ' ' '" i ' ' ' ' • 41'

0 50 100 150 200 250 300 ,..._ ,..,'."...,. • ,..,.• • _ : _ -:---:-= ==:-:,:: == 4)

Strip Number 10 ""
after 1 Mrad

Fig. 3. Leakage current per strip immediately after 2.8Mrad 60Co
irradiation (open symbols) and al'ttr 6 days of annealing (filled o
symbols). Strips 1.5,9.....99 were bonded out.

o

9 o o o oooo

Figure 3 shows die leakage currctlt per strip after a 60Co - _oo,, o o°''° 00%%de o_ OoooOO,_._,oo o o
dose of 2.8 Mrad. Photon-induccd leatkage currents are expected deo before

to be mainly due to surface effects and charge trapping in . oOO%oo°,,o%o

SiO2. This agrees widl the strong dependence of tile observed 8 ' ' ' I ' ' 'l ' ' ' i ' ' ' I ' ' ' i ' ' ' I' ' '
leakage currents on the surface potential. The currents on

0 20 40 60 80 100 120 140neighboring bonded and floating metallized strips vary by a
factor of 2. In the detector region without bonds, the currents Strip Number

on metallized and unmetallized strips are similar and a factor of Fig. 4. l)olysilicon resistor values before and after 1 Mrad of 60Co
4 higher than in the bonded region. To study annealing the irradiation. Strips above 100 (even numbered only) and below
detector was kept biased at 40 V with the bonded strips 100 (odd numbered only) have their resisu)rs at opposite detector
grounded. After 6 days ali strips showed the strong annealing ends. (Note the zero suppression.)



b

3d. Test Structure Diff,'ion & Polysilicon Resistors 3e. Coupling Capacitors

In addition to the polysilicon resistors on the detectors, we The coupling capacitors are formed by a layer of silicon

studied the polysilicon and diffusion resistors on the test dioxide and an aluminum trace covering the full length and
structures. Their values were monitored during exposures to width of each strip. An oxide thickness of 250 nm was
total fluences of = 3xl013n/cm 2 and = 9xl014p/cm 2 and are calculated from a capacitance of 44.5 pF. The coupling
shown in Fig. 6, 7. Under the neutron irradiation, the capacitors on each strip were uniform to better than 1%
polysilicon resistors remained unchanged. The diffusion (Fig.8). After 2.8 Mrad of photon irradiation the coupling
resistors showed an initial increase of approximately 5%, capacitors did not change within the measuring accuracy of
followed by a much slower increase of.= 0.3%/1013n/cre 2. 0.2 pF (Fig.8). Neither did they change after neutron
Under file proton irradiation just the opposite behavior was irradiation (Fig. 9). No significant change in leakage current or

seen. The polysilicon resistors show a sharp initial increase in breakdown voltage was seen after exposure to = 9xl014p/cm 2.
resistance of approximately 7.5% indicative of surface damage.
That was followed by a much slower and linear increase with 400 .450

total dose of _ 0.2%/1014p/cre 2. The diffusion resistors show Polysilicon Roslstor_
a similar small long term increase in resistance but show no 3rs .,,. ,,. ,,. ,,. _.,_ ,_ _ .,. _ ..,--_ .... o..1, .42s
initial jump. Ali the observed changes are negligible from the .400

c_ 3.50 1

viewpoint of detector operation. _.; _._ - - " -.-

(_ 3.25 /' .375 _-.

R [M_.] oc Diffusion Resistor/ _o
, . . . I . . , , I ,,. i . I . . . , I , , , . l , . , , "_ .-"*so

12 _ 3.00
•"=-- 0
"0 '325 la.

10 ,'J_= :
E .3oo E

r-

8 --, 2.50 ,,..,
'275 rr

6 _ '250

"" 2.00 ' -225
4 0.+0 " :z.'.t4 4.'.14 6,,:14 s.'+14

- Proton fluence (p/cre^2)

2 Fig. 7. PolysiUcon and diffusion resistor values on a test structure

" during proton irradiation. (Note the zero suppression.)

0 , , , w i , , _ , 1 i , , ¢"1 , _ , , ! _ , , , i , , , ,

0.0 0.5 1.0 1.5 2.0 2.5 3.0 C [pF]
Photon Dose [Mrad] 45.0 ...... t .... , .... , .... t .....

Fig. 5. Polysilicon resistor values under 60Co irradiation. 44.5 : _ o"a " ,_ s = " " _ • _ e o" • " o" :,11 o

s s .55o 44.0

Polysilicon Resistor 43.5
50 - 500 _,_

, _'_"rdkr_ _ _ ---o" _ -- _ --_" -- -- -- e" - .-o .__ 43.0
._ 0J

'- f / _ 42.5 o beforec 4.5. .450 (J
o '-- " after 2.8 Mrad

Diffusion Resistor _,
== -- 42 0 _ 1 I -'-'_--' ' I '_ ........ I ....

200 210 220 230 240 250
4.o .400

E _ Strip Number

o o Fig. 8. Coupling capacitors before and after 2.8 Mrad 60Co

gr" 3s .3_o n- irradiation, measured widi 0.2 pF resolution.

3f. Oxide Charges
3.0 , . , ........ . 300

Oe_O le_13
i

2°._s s.,,3 The test structures containext a MOS capacitor with an area
Neutron fluence (n/cre^2) of A=20 mm 2 and an oxide thickness of 500 nm, calculated

Fig. 6. Polysilicon and diffusion resistor values on a test structure from the measured oxide capacitance Cox. Both capacitor
during neutron irradiation. (Note the zero suppression.) COntacts were grounded (luring irradiation. Comparing C-V



curves measured before and after photon irradiatioa (Fig. 10) 4. BULK DETI_C'I'OI{ Elq;IJ,CTS
we observe a "shift" clue to fixed oxide charges and some
"stretching" due to interface charges. To separate those 4a. Acceptor site creation
contributions, the midgap-capacitance was calculated to be

230 pF [9] and the shift in midgap voltage AVmg was Displacement damage appears to lead to the creation of
determined from the C-V curves. The oxide charge density Qox positively charged acceptor sites throughout the bulk of a

is given by equation (3). The oxide charge densit,,y reached the silicon detector. That process changes the effective dopant
well known saturation value of 2.5x1012/cm z after a few levels in the silicon. For the radiation (loses expected at the

hundred krad [10,1 I] (Fig. 1I). After three days of annealing at SSC, the effect only impacts the lightly doped (~1012/cc) bulk
room temperature and with zero bias voltage the oxide charge depletion region which comprises the sensitive volume of the
density was reduced by a factor of two. detector. The heavily doped (-1018/cc) contact regions are

essentially unaffected by the acceptor croat\oft. The lightly

Qox = eNox = CoxAVmg/A. (3) doped n-type material of which most detectors are made, is
slowly turned into fully compensated material, as the newly

created acceptor sites neutralize the donor sites in the original
n-type material. As yet more acceptor type states are creatext
the material becomes p-type (undergoes inversion). As the

c [pFI number of acceptor states continues to increase, the material
45.0 ' ' ' ' I ' ' 1_ 1 , , , I , , , 1 , , j

becomes more heavily doped p-type of ever decreasing

44.5 " resistivity. The decrease in resistivity translates directly into an
increase in the voltage needed to deplete the detector. That

44.0 ° eventually leads to depletion voltages which create local
, electric field strengths greater than can be maintained in• o o

43.5 ..... ° ...... %0°°0°o°o°0°o°0° .°?.°°°oo.°...° °'_ silicon, resulting in breakdown of the detector, or its forced

o.,.... ? operation in a mode where it is not fully depleted.
43.0

42.5 o before
• after Nox [1012/cm2]

42.0 ' ' ' I ' ' + I ' ' ' I ' ' ' I ' ' ' 3.0 . ' ' ' '''''I--'--r' "' _'"I ......

0 20 40 60 80 100
• •

Strip Number 2.5 •

Fig. 9. Coupling capacitors before and after 9x1013 n/cre2. 2.0

C [pF] 1.0 •
J ,, , , 1 , , ,.LL, , , , I +t, , , I .... I .... I_,,11,,,

1500 -I 100 kHz 0.5

1I \, \ \ ,K\ a o.o lO lOO 1ooo
 oooI iu \o \d,t\, o

] \ \ \ \\ c 0.08 Photon Ooso [krad]
.J / \ \ \\ d 0.17 Fig. ll. Oxide lchargedensity in SiO2 under 60Co irradiation.
J / \ \ \\ o o.3G

5001 X X \ \\ , 0"89 Usingthesyntboldofinitio,isgi,'enbek)w, thedcpletionc- depth of a silicon detector (d) is given in eqtmtion (4).

................... ............. No = the donor concentration in the orit;inal n-type material,

0 .... i .... z .... r",,, _.... i ' ' '' I,, '' i .... _b = fluence in particles/cre 2,
0 10 20 30 40 50 60 70 80 6 = damage constant (acceptor states/cre/incident particle),

c = dielectric constant for silicon = 1.054 pF/cre,
VBias[V] Vd = bias voltage for depletion, and

Fig. 10. C-V curves at 100kllz for an MOS capacitor under 60Co q = unit charge.
irradiation with zero bias voltage. The calculated midgap
capacitance is indicated, d = (2CVd#iN)1/2 (4)



i,

The number of acceptor states (holes) created is assumed to be and are therefore preliminary). We find 13n = 0AJ86/cm and
linearly prolx)rtional to the fluence and is thus 0.098/cm from the two measurements. (Type inversion was

assumed.)
N=1No-¢,_1 (5)

4c. Leakage Current Damage Constant
Combining equations (4) and (5) and solving for Vd one
f'maUy has We have determined the leakage current damage constant or,

which relates the leakage current density J to the fluence O,
Vd = qd?_No- _B[ _ (6)

J = ctC,+Jo (7)

for 800 MeV protons using the Hamamatsu photodiodes.
200/_ FI photodiode100 photodiode11 Fig. 14 shows the relation between leakage current and

/ a, photodiode12 4- photodiodei3 fluence. We determine cz = 4.0"&0.5 A/cm in agreement with
.'" our previous result [4].

.-. * photodiode14 x photodiodelS..'j_
>
• ..... beta=.O50/cm __,_/_z ,,,,,_, ....... i , , ,

....7,,
•" _ o*/Z

>° -- beta = .0475/cm ,--S_z

c 100 .Sz" _., 200.9 ". -<----C before irradiation

O.. °_/°o /_,Y,-_---" beta=.0451cm
"O _

o°_ ,

°,o_ ' . .... Ct.8 ioo
0 ' ' ' ' 70

O.OOe+O5.00e+13 1.00e+14 1.50o+14 2.00e+14
1 10"

fluence (plcm^2) Bias Voltage (V)
Fig. 12. Measured full depletion voltages as a function of 800
MeV proton fluence. The solid lines are the results of calculations
using equation (8) for different values of [3. An initial donor Fig. 13. Capacitance as a function of bias voltage for photodiode
concentration of 8.6x1011/cc and a full depletion depth of 170 Fm I0; before irradiation and after = 1013 p/cm2.
were assumed.

2.00e-3

4b. Determination offl: ,|
The depletion voltage of a silicon detector can be _ "",,_ ss •

determined from a measurement of the depletion layer "-" ,"

capacitance as a function of the reverse bias voltage (see Fig. ._ -" . pdlO JC

13). That was done for the Hamamatsu photodiodes at several ,, ,'" - r_ J
different times during die proton irradiation. Using the relation _.-. [_," u _2 J
(6). in Fig. 12 we have superimposed the expected V d _ •" o r,o_J
dependence on • for several values of 13on the measured Vd _ ,- • p,J_4,J¢.j s

dependence on O. We note that 13p= 0.0475/cm gives a good j},, . _,d_s___J
inl s¢

fit to the data and that type inversion takes piace at a fluence of _ ,
= 1.9 x 1013 p/cre 2 for the Hamamatsu photodiodes Using
relation (6) we have also solved for 13for neutron damage at ,,"
LASREF. lt was not possible to monitor the C-V ,•'•
characteristics during the neutron exposure. For 2 photodiodes, o.ooo,o . ,O.Oo +0 2.fie, 12 5.00,13

the depletion voltages were determined to be 66 V and 166 V p_'oton fluence (p/cm^2)

after exposures to total neutron fluences of 3.1x 1013/cre 2 and Fig. 14. Leakage current density in llamamatsu photodiodes as a
8.8x 1013/cre 2 respectively. (The fluence values were function of 8(10MeV proton fluence. The line is a plot of equation
determined by leakage current values as discusscA in section 2 (7) for cz= 4.0
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4d. Detector Survival: produced by AT&T) under neutron exposure at LASREF. We
were concerned about in a possible degradation of the current

Applying the value of 13p= 0,1M75/cm determined above, gain 13with large neutron fluences. Fig. 15 shows the result of
we observe the following: for a 300 p.m thick silicon detector, the test: After fluences of 9xi013 n/cm 2, [_ had changed by
with initial n-type doping of 2.4x 1012/cm3 the full depletion only approximately 10%, even for very small current densities,
voltage is 162 V. This detector inverts to p-type alter a charged That indicates the bipolar D.I. transistors exhibit sufficient
particle fk',enee of 5.0_ 1013/cre 2 and after 1.0xl014lcm 2 the radiation hardness for experimentation at the SSC.
full depletion voltage is again 162 V. The leakage current for a
50 I.tm by 6 cm long strip at that dose is about 3.6 I.LA o.o-
(20°C). (If the detector was operated at 0°C the leakage current
would be reduced to 0.55 I.tA.) The fluence of 1.0x 1014/cm 2 _" =

corresponds to the max'.mum dose expected for a silicon _ "
microstrip detector at the SSC in one decade of operation at the "_ -o.1tj) •

design luminosity. _, ,,
lD)

> -0.2
I00 "_ _l>d" __'-. "lD I_

" P'I, " .'4'_1"4,. _.,,,'" .4, -- . ..c:_ •03
i "41"e, v'_.e,_.,o.... - _ lD cn

_ 80 ...._ ""_"._. _-

"_. ' _ . ""e ' I-- -0.3 • N transistor

.l L _r_==.oo. - P translst0r

"-O _11 -0.4 ....... i I 1
o o.o 1.o 2.0 3.o
_.. Dose (MRad)

40

--- 4t.--. 2.5 V Base Voltage Fig. 16. Shift of the threshold Voltage as a function of 60Co dose

.x3. ----,CP,---13 VBaseVoltage for representative n and p transistors in the DTSC chip.
20 ...... _"..... 1.0 V Base Voltage

.o_ -- --u-- -- 0.7 V Base Voltage 0.00
O3
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5. RADIATION TESTS OF FRONT-END EI-ECTRONICS > •
C2

We have previously reported on our progress in identifying o",._ • •

radiation-hard technologies [4,12,13], and we will give here "_C: •

-o.15
only an update. Because of the high collision frequency at the h-
SSC and the very large channel count, we are considering a = NANDshift

• INVERTER shift
"digital" read-out system, that records for every beam crossing
only the addresses of the strips with pulse height above a
certain tlueshold. Considerations of signal-to-noise and power -0.20 ........

3.0consumption will l)Ossibly lead to a system with mixed o.0 1'.0 21o
technologies: bipolar for the analog amplifier/comparator chip Dose (MRad)
(AACC), and CMOS for the digital buffer chip (DTSC). Fig. 17. Shift of the transition voltage of the NAND gate and the

INVERTER built with the transistors of Fig. 16.
The design of an AACC is described in Ref. [14]. The chip

has been designed out for 64 channels at 85 ptm pitch in The design of a DTSC is descrilw.d in Ref. [16]. For low
dielectric isolation (D.I.) bipolar technology in a full custom power consumption, the DTSC is designed as SRAM's and is
process developed by Silicon Dynamics, Inc.[15], and initial implemented in CMOS. A test version has been manufactured
fabrication has just been completed. In order to examine the in radiation hard 1.2 t.tm CMOS by UT._.4C [17]. Test
radiation hardness of devices produced using the D.I. technique structures on the chip have been irradiated to test the radiation
we have tested such transistors (made on the backside of wafers hardness of the design. Fig. 16 shows the threshold shift

AVth of p and n transistors, and Fig. 17 the chant.',._in the



transition volUtge AVG of a NAND gate and INVERTER after
doses of up to 3.2MRad of 60Co exposures. The transistors [14] D.E. Dorfan, Nucl. Instr. and Meth. A279 186 (1989).

show the expected small shifts in Vth [4], while the logic [15] Silicon Dynamics Inc., Ames, IA, 50010 USA.
gates exhibit a much smaller change, because the effects on
the n and p transistors compensate each other. As observed [16] J. DeWitt, Nucl. Instr. madMeth. A288 209 (1990).
before [4], the damage saturates at large doses. Anothox device
tested for radiation damage was a ring oscillator. We m_:_surerJ [17] United Technologies Microelectronic Center (UTMC),
the oscillation frequency of a 51 stage ring o_illator and found Colorado Springs, CO, USA.
a frequency of 34.0 MHz before, and 32.6 MHz after irradiation
with 3.2 MRad 60Co. Radiation tests of the DTSC itself are

just beginning.

6. CONCLUSIONS

The individual components of AC-coupled silicon strip
detectors, as well a_ the components of both CMOS and
bipolar front-end electronics show sufficient radiation tolerance
for operation in excess of one decade of operation in a silicon
microstrip detector system at the SSC. Bulk damage to the
silicon itself is seen as the limiting factor in the lifetime of a

detector system. In particular, it is the acceptor site creation in
the active volume of the silicon detector that will limit the

lifetime to approximately 10 years for the inner most
detectors. That effect will need further investigation.
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