i

~D-A189 025

Canad'a' 0’%@3 0 / Ozg % Septemb%rnlsﬁg

‘o

N N

MNatonrai Deltensze
Defence  natonae

ony~
A
T
-
-
?
P A VL L b N

FRATEANY P

Lt

RESPONSE CHARACTERISTICS OF
DUAL MOSFET GAMMA-RAY SENSORS
PRODUCED BY MITEL CGRPORATION

ﬁ.—“..'. -‘ "--'-l‘ A4

e ATV

by

o

S. McGowan and R.A. Gravelle

LRV Al

. -"1.'!

YN

DEFENCE RESEARCH ESTABLISHMENT OTTAWA
REPORT NO. 971

88® 8 0O¢s

t
:

Lt g o o s L0

g &
R ' . .
FRRAN B SFid




R R L

P c v v oa

SECURITY CLASSIFICAT:ON OF FORM
thighest classit.cation of Titte, Adstract, keyworas:

DOCUMENT CONTROL DATA

(Security classrfication of title, BOdy Of aDStract and indexing SHNCIELION MUs Be sntered when the Ovaerall document 13 clsssfied)

! QRIGINATOR

8 CONtractar's report, or tasking agengy, are entered n section B)
Department of National Defence

Defence Research Establishment Cttawa
Tttawa, Ontario K1A 024

{the name and address of the organization preparing the document
Orgamizations for whom the document was prepared, e.g. Establishment sponsoring

2. SECURITY CLASSIFICATION
fovarall security classitication of the document
ncluding special warning terms ! appucasie)

UNCLASSTFIED

2 OTTLE

< X"

aboreviation (S.C.R or U) in parentheses sfier the title)

Response Characteristics of Dual MOSFET Ganma-Ray Sensors Produced by Mitel

Corporation (U)

{the complete gocument title 8$ indicated on the titie page. !t classificstion shoutd be indirsted by t

Poropriate

4. AUTHORS

McGowan, S., Gravelle, R.A,

{Last name, first name. rmuddig (mtiel. {f mitery, show rank, e.g. Doe. Maj. John E)

wn

DATE OF PUBLICATION (month snc year of putiicsuon of
document)

September 1987

6a NO. CF PAGES utow 60. NO. OF REFS (town cited in
contaning nformanien. Include document)
Annexes. Appendices. etc.) 14

24

~!

CREQ Report

DESCRIPTIVE NOTES (the category of the document, e.g. techrical repert, techaical note or memorandum. |f sopropriste, enter the type of
report, e.g. interim, progress, summary, annusl or fina! Give the inclusive dates when g specific reporung period 1S covered.)

8. SPONSORING ACTIVITY
adoress.)

Director Clothing and General Equipment and Maintenance

{the name of the department project office o¢ laborstory sponsoring the resesrch and development inciude the

Sa PROJECT OR GRANT NO. (it sppropriste, the applicsbie resesrch
and aevelopment project or grant nymber under which the document
wes written. Please tpecify whether project or grent)

0513EN

Jp. CONTRACT NO.  (f sppropriate, the applicable number under
which the document was written)

10a. ORIGINATOR'S DOCUMENT NUMBER {the official document
number by which the document is identified by tae originating
activity. This number must de unique 10 this Jocument.)

DREO Report 971

10b. OTHER DOCUMENT NOS. (Any other numbers which may
be s3signea this document either by the origindgtor or By the
sponser)

v DCCUMENT AVAILABILITY

KX untimited distribution

t } Distribution himited to defence depsriments snd defence contractors; further distribution only as #00roved

i v Distridytion hmited to defence depariments and Canadian defence contractors: further distribuuon only a3 epprowvd
{ v Distridution hmited to government departments and agencies. further distrioution cnly as spproved

t b Distribution himited to defence departments, further distribution only s sppraved

f 1 Other (please specity):

ieny imitations on further dissemingtion of the decument, other than those imposed by security class:fication:

'2 DOCUMENT ANNOUNCEMENT

annguncement sudience may be selected.)

tany (imitguion to the Didliograohic snnouncement of this document This will normally correspond to
the Oocument Avarlsbuty (V1] Mowever, where turther distribution (beyond the sudience spectfied in 11) 15 possidle. 8 w:aer

UNCLASSIFIED

SECURITY CLASSIFICATION OF FOAM

[visto o T 38 B4




-yt L L N P R N R L

SECURIT 7 CLASSIFICATION OF B AW

'3 ABSTRACT s brie' ang factusl summery of the Gocument !t mey 8133 00008 §'Sewhere 0 the Body 0f the docw—zir tsetd 1t «8 Mghiy
desiranie that the ebstract of ciassitied documents be unclassified Eoch paragraph of the eBstract Snell Begin with an ndication of the
security ciassilication ot the informatien n e persgraph iunigss ™e decumen: itsett 13 unclessified) represented a3 (S), (), WA), o W}

1 'S MOt necessary 10 Include here SBSITECtS it Both #f1:Cial langusges uniets the teat 1§ Belnguall.

Radiation-sensitivity measurements were carried out on two batches of
dual MOSFET gamma-radiation sensors produced by Mitel Corp and packaged using
different procedures by two other commercial firms, Significant differences
were observed between the two production batches and also as a result of the
difference in packaging. Those from the first Mitel batch packaged by
Siltronics Limited were found to be most consistent ant should be acceptabile
as a sensor for the Canadian Forces individual cosimeter, ]

Nonuniformities in response with photon energy can be attributed tc
the large amounts of gold in the packages used and measurements indicate that
elimination of the gold will lead to good energy response. A reduced rasponse
at very high dose rate is alleviated by the addition of capacitance to
maintain gate bias during the radiation pulse, but further testing will be
required to evaluate the dosimeter performance under relevant field conditions.

, 14. XEYWORDS, DESCRIPTORS or 'DENTIFIERS (techmcsily meamngful terms or short phrases that cherscterize & document snd Could be

. helpful in catasloguing the Gocument. They sheuld be selected 3o ™hat ne security classification i3 required ldentitiers. Such a3 equipment

{ model designation, trade name. mibitary Broject code name, geograghic lscstion mey siso be ncluded i possidie. keywords should de serects
from s pudbushed thesaurus. &.g Thessurus of Engimeerng and Screntific Terms (TEST) and thet thesaurus identified (1 1t 13 not possidle to

\ select indening terms which arg Unclassified, the clasuificstion of esch shouid be indicsted 85 with the utie)

MOSFET
Gamma-Ray Sensor
Individual Dosimeter

At ™ s v s s e - -

PO

-—_ e

N EW R TN

UNCLASSIFIED

SECURITY CLASSIFICATION OF POAM

[ P S s o W . }

]

.{': RS RL BT ST A RN i I e e
r::\fn‘.--:;'. sl Ly 2 e fa P ATt

kS - “ s . o f v




* National  Défense
l Defence ratonae

RESPONSE CHARACTERISTICS OF
DUAL MOSFET GAMMA-RAY SENSCRS
PRODUCED BY MITEL CORPORATION

by
S. McGowan and R.A. Gravelle = oo
Nuclear Effects Section wicentem Rar i
Protective Sciences Division R % ‘
: LU . o 8 S U—

RS W
< o I
ceada Pl (udes

. cwijor

3 o . r"\: ianl
!
Al L
e ~
/‘.‘.‘-‘f“y, |

DEFENCE RESEARCH ESTABLISHMENT OTTAWA
REPORT 671

PCN September 1987
0513E11 Ottawa




ABSTRACT

Radiation-sensitivity measurements were carried out on two batches of
dual MOSFET gamma-radiation sensors produced by Mitel Corp and packaged using
different procedures by twn other commercial firas., Significant differences
were observed between the two production batches and also as a result of the
difference in packaging. Those from the first Mitel batch packaged by
Siltronics Limited were found to be mos*. consistent and should be acceptable
as a sensor for the Canadian Forces individual dosimeter,

Nonuniformities in response with photon energy can be attributed to
the large amounts of gold in the packages used and measurements indicate that
elimination of the gold will lead to good energy response. A reduced response
at very high dose rate is alleviated by the addition of capacitance to
maintain gate bias during the radiation pulse, but further testing will be
required to evaluate the dosimeter performance under relevant field conditions.

RESUME

Nous avons effectué des mesures de sensibilité 3 la radiation sur
deux groupes de détecteurs doubles (MOSFET) produits par la compagnie Mitel.
Deux compagnies cummerciales les ont assemblés en suivant des processus
différents. Nous avons obtenu des résultats divergeants, tant sur les deux
groupes de nroduction que sur la difference dans 1'assemblage. Nous avons
constaté que les détecteurs du premier groupe de Mitel assembiés par la
compagnie Siltronics Limitée étafent les plus stables et qu'ils devraient étre
utilisés comme détecteur individuel pour les Forces Canadiennes.

Nous attribuons le manque d'uniformité dans la réponse avec 1'énergie
photonique & la trop grande quantité d'or dans 1'assemblage. En é&liminant cet
or, les tests nous indiquent une nette amélioration du rendement énergétique.
Si nous ajoutons un condensateur pour maintenir la tension du discriminateur
pendant 1'impulsion de radiation, nous minimisons 1'effet de réduction de la
réponse di @ un trés haut taux d'irradiation. Cependant, nos devrons
continuer les tests afin d'évaluer le rendement des détecteurs sous des
conditions pertinentes sur place.
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1. lntroduction

Radiation damage to MOS devices in the form of charge trapping in the
oxide layer was recognized and quantified over twenty years ago. Much of the
early research in this area was directed towards reducing this effect to
produce radiation-hard dnvires, Lut as early as 1970 the radiation effects on
MOS transistors (MOSFETs) and capacitors were being used for dosimetry
purposes (Ref (1 to 5}).

Recent development of the MOSFET garma-radiation sensor (Ref (6 to 9))
has resulted in a sensor capable cf measuring doses as low as 1 cGy. This
sensor consists of a duail p-channel MOSFET with a thick oxide layer and a very
low initial imbalance. A bias voltage is applied to one gate of the MOSFLT to
enhance its radiation sensitivity while the other gate is unbiased and used as
a reference, as suggested in Ref (5). This sensor is being used in the
individual dosimeter under development for the Canadian For-es.

To obtain an accurate reading of the gamma-ray dese with the proposed
Canadian Forces dosimeter, these sensors must be reproducibie with predictable
sensitivity. Errors introduced because of non-uniform photon energy response,
variation in response with dose rate and changes in the dosimeter reading with
time after irradiation must be kept to a minimum, This report inves.igatas
some of the packaging parameters which affect the sensitivity of the MOSFET
sensors fabricated by Mitel Corp under a DREQ contract with Pacific
Microcircuits Limited.

2. Packaging Variations

MOSFET sensors were produced in two production batches at Mitel,
These devices use silicon gates rather than metal gates, so maybe they should
ve called “SOSFETs*, but the more conventional label is retained in tnis
report. Three oxide-layer thicknesses (0.3, 0.4 and 0.5 um) were produced in
the first batch while only 0.4-um MOSFETs were made in the second batch. The
sensors from tha first batch were packaged only at Siltronics Limited using
dual-in-11ne ceramic packages. Most of the packaging for the second batch was
done at Pantronics using cerdip packages, but some of these were also packaged
at Siltronics using the same packages as for the first batch. The Pantronics
packages were all hermetically sealed as were most of the Siltronics packages
but some of the latter were left unsealed for testing purposes. Some
packages, from both companies were openea and tested with the chips exposed to
the atmosphere, Some of the chips were potted in various materials to study
the effect of the package on the energy response and some of the sensors were
heat treated before testing.




3. Summary of Measurements of MOSFET Sensors from the First Mitel Production Batch

Detailed results of the measurements of the sensors from tha first
production batch at Mitel are given in Ref (10). A summary of these results
is given below.

These dual MOSFETs were found to be well balanced when measured both
on the wafer and after packaging. About 70% were found to have initiai
offsets of less than 5 mV, which corresponds to about 3 cGy for the 0.4-um
sensors used differentially with biases of 0 and +5.6 V. Pre-selection could
yield a ldrge fraction of devices with initial offsets less than one or two

cGy.

For the 0.4-um MUSFETs the unbiased sensitivity was found to be
about 0.6 mV/cGy for 60co gamma rays. For the same radiation, the
differential response with +5,6 ¥ applied to the biased gate was observed to
be about .9 mY/cGy when measured 24 h after expcsure. Increasing the bias
trom 5.6 to 9.3 V gave an increase in response of about 40% as did increasing
the bias from 3.3 to 5.6 V. Increasing the oxide-layer thickness from 0.3 to
0.4 and from 0.4 to 0.5 um gave increases in response of about 50%.

The sensor readings were obsarved to increase fcllowing irradiation
in a predictable manner., This is shown in Figs 1 and 2 for 0.4-um sensors.
N8te the measurements were made in terms of exposure in Roentgens (R). For
6 Co, which was used for these measurements, 1 R is equivalent to 0.96 cGy
(tissue). An increase of about 5% in the differential reading was observed
in the first 24 h and an additional increase of a few ¥ in the next few
weeks, after which a slow d.crease was found. One year after irradiation the
reading was within a few %2 of the 24-h reading. The other thicknesses showed
similar behaviour.

The effect of applying bias to the gates of unirradiated sensors was
very small, but the irradiated devices showed voltage shifts corresponding to
about 1% change in sensitivity when the bias was removed or applied, the
larger readings being found with no bias.

Measurements over doses from 10 to 1000 cGy indicated a decrease in
the 24-h differential sensitivity of about 2%.

A dose-rate dependence was found when doses of 1 Gy or more were
delivered in short pulses of 100 us of less (Ref (11)). The response of the
biased half of the MOSFET was found to decrease with increasing dose per
pulse but the response of the unbiased half showed 1ittle change. The loss
in response was alleviated by adding capacitance greater than 1 nF between
the biased gate and the substrate. It was concluded that the loss in
response was due to a drop in the bias voltage during the radiaticn pulse.

Measurements at DREO of the rgaponse to 140-keV x-rays shoved an
increace by a factor of 2 relative to “YCo gammas (1.25 MeV). More

detailed measurements by Kronenberg (12) showed that the response ssaks
between 50 and 100 keV where it is about 5 times the response to !

Cs
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DRIFT IN RADIATION SENSITIVITY

BOARDE 41 WAFERY 17 THICKNESS .4 MICRON
) : INITIAL READING # 2 WAS ON DAY 166.358
IRRADIATICN 8 1 WFS ON DAY 166.443

EXPOSURE IN R 205.7
RATE IN R/H 1000.9
BIAS IN VOLTS 5.6
FIRST SET OF READINGS FOR SENSITIVITY MEASUREMENT IS # 3

AVERAGE INITIAL READINGS :
GATE-SOURCE-VOLTAGE = 2.9518 ( .2682) V DIFF VOLTAGE = .Q@id4 ¢ .9027) V

AVERAGE SENSITIVITY IN MV/R 74 H AFTER IRRRDiRTION FOR BOARD # 4

NUMBER OF DEVICES IN AVERAGE = 20
BRTPASED SIDE UNBIASED SIDE DIFFERENTIAL
2.5970 « .0440) 8227 ¢ eI 1.8842 ¢ .2334)
AVERAGE SENSITIVITY RELATIVE TO 24-H SENSITIVITY FOR BOARD # 41
DAYS AFTTR IRRAD BIASED SIDE UNBIASED SIDE DIFFERENTIAL
052 .9453 ( .0138) L9186 ( .0128) L9541 ( 146)
. 164 .9644 ( .Q151) .947Z ( .0148) L9701 ( .M55)
1.008 1.0000 ( .0176) 1.0000 ( .0182) 1.0000 ( .0177)
1.977 1.0136 ( .Q184) 1.921S ( .@:96) 1.011@ ( .0iB4)
3.929 1.0282 ( .@187) 1.9451 ( .0202) 1.0226 ( Q137
6.914 1.9397 ( .0187) 1.9650 ( .0206) 1.9313 ¢ .d18%)
9.914 1.0436 ( .0187) 1.0678 { .@208) 1,2356 ( .2184>
17.084 1.0535 ( .0180) 1.0845 ( .0193) 1.9433 ( .0181)
36.216 1.0635 ( .0172) 1.1013 ( .Q186) 1.951Y ( .17
43,113 1.0636 ( 0173 1.1@45 ( .2136) 1.2508 ( .2169)
50.982 1.@672 ( .17 1.1203 ( .0203) 1.04%97 ¢ .9168)
$9.946 1.0681 ( .Q187) 1.1247 ¢ .Q190) 1.0494 ( .O165)
73.107 1.0696 (¢ .0168) 1.1313 (. .&185) . ~1.0492 ( .01865)
8h.012 1.@8735 ( .2162) 1.1499 { .0191) 1.0485 ( .6139)
94.27% 1.0591 ( .2i162) 1.2899 ( .0181) 1.0490 ( .9160)
111.394 1.0624 ¢ .016Q) 1.1003 ( .@175) 1.0439 ( .Q16Q)
133.026 1.0605 ( .Q1586) 1.29940 ¢ .0168) 1.0495 ( .2159)
143.026 1.0578 ( .0Q156) 1.2880 ( .Q170) 1.0479 ( .@158)
161.164 1.0626 ( .Q154) 1.1132 ( .@238) 1.0459 ( .@163)
188.394 1.9802 ¢ .Q151) 1.1007 ( .91B5) 1.2468 ( .Q164)}
220.108 1.9610 ¢ .Qi151) 1.1051 ( .2168) 1.046% ( .J157)
244,985 1.0994 ( .Q118) 1.1020 ¢ .Q1EQ) 1.2454 ( .O152)
280.99S 1.0560 ( .0151) 1.@313 ( .01E5) 1.0443 ( ,Q152)
322.099 1.8576 ( . 015Q) 1.1020 ¢ .08 1.047% ( . Q199"
436.081 1.0580 ( .Q145) 1.10683 ¢ .Q163) 1.0420 ( .01458)
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Figure 1: Measured sensitivity as a function of time after irradiation for
devices from the first Mitel production batch. The bias voltage was applied
during irradiaticn only for this board, but was retained after irradiation
for all the other figures in this report. The standard deviations are given
in parenthesis.
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DRIFT IN RADIATIOM SENSITIVITY

BOARDS 1 WAFER® 18 THICKNESS .4 M{CRON ,
INITIAL RENDING # 2 WAS ON DAY 495, 371
IRRADIATION # i WAS ON DAY 99.448

EXPOSURE IN R 206.0

RATS IN R/H 1000.0 '
BIAS IN VOLTS 5.6

FIR3T SET OF READINGS FOR SENSITIVITY MEASUREMENT [5 # 3

AVERAGE INITIAL READINGS :
EXCLUDING # 3
GATE-SOURCC-VCLTAGE = 2.8781 ( .9219) V DIFF VOLTAGE = -.0028 ( .9Q87% V

AVERAGE SENSITIVITY IN MV/R Z4 W AFTER IRRADIATION FGR BQTRD # 1
NUMBER OF DEVICES IN AVERAGE = 19

BIASED SIDE N UNBIASED SIOE DIFFERENTIAL
2.4913 ( .0716) .6184 ¢ .0059) 1.8729 ( (0199
AVERAGE SENSITIVI1Y RELATIVE TO 24-H SENSITIVITY FOR BOARD # 1
DAYS AFTER IRRAD BIASED SIOE UNBIASED SIDE DIFFERENTIAL
. 005 .9344 ( .0060) .8854 ( .2@64) L9506 ( .2077)
. 050 .9654 ( .0062) .9i72 ( .@QQES) L9680 ( .0079)
197 .9738 ( .0081) .9500 ( .008%) .3817 ( .Q29%)
.925 1.0000 ( .0067) 1.00¢0 ( .0@3s5) 1.0002 ( .10
1.271 1.0047 ( .2031) 1.0174 ( .@105) 1.0005 ( .010B)
3.417 1.0232 ( .Q0396) 1.0439 ( .011Q) 1.0164 ¢ .0111)
4.944 1.0278 ( .0030Q) 1.0638 ( .0118) 1.0159 ( .2106)
6.923 1.0314 ( .2089) 1.@777 ( .0108) 1.0161 ¢ .0102)
11.136 1.0405 ( .0039) 1.23943 ( .0104) 1.9225 ( .0105)
13,938 1.9432 ( .0083) 1.1040 ( .0107) 1.0231 ( .17
20.8368 1.0452 ( .0094) 1.1@70 ( .0108) 1.2248 ( .Q111)
27.941 1.0474 ( .0088) 1.11588 ( .@097) 1.0243 ¢ .Q106)
35.124 1.0477 ( .0081) v 1162 (L0107 1.0251 ¢ .o114)
40.911 1.047Z2 ( .0Q89) 1.1200 ( .0107) 1.0231 ( 0121
48.092 1.0485 ( .208@) 1.1261 ( .0038) 1.0229 ( .Q1e2)
54.888 1.0491 ¢ .0135) 1.1275 ( .0104) 1.0233 ¢ .0172) '
61.909 1.0487 ( .2132) 1.1262 ( .010@) 1.0231 ¢ 0171
£69.349 1.0470 ( .0Q129) P 1271 (. 0030) 1.0205 ( .&6169)
81.9018 1.0376 ¢ .0126) 1.1158 ( .2@93; 1.0118 ( .Q164}
183,163 1.0387 ( .012%) 1.1153 ( .2@3%4) 1.0132 ( .0164)
117.893 1.04902 ( .0122) 1.1283 ( .0099) 1.atil ( .0160)
140.014 1.0448 ( .0125) 1.1510 ( .2297) 1.00398 ( 9163
161.910 1.0331 ( .0143) 1.0906 ( .0034) 1.0141 ¢ .Q186)
189.013 1.0325 ¢ .0122) 1.1055 ( .0@85) 1.0@083 ( .@15%)
209.975 1.0262 ( .0128) 1.0845 ( .0101) 1.0070 ( .Q175)
228.147 1.0319 ( .@119) 1.1142 ( .0082) 1.0047 ( .@158)
236.740 C1.@32) ( .e122) 1.1160 ( .0282) 1.0045 ( .0162)
i1 L X : l ™ ?
. - ; .' ; ! ‘
S ' | | | ?
s | i ' ] : ‘
- ‘— S S - H 1 I ! '
= [ N S S | -
RN - x : + R—_—
E | | | ! !
z - i ; [ i
- = ‘ ! ‘ | ! i
b o e i e e o) v!'r'u'ﬂxxxn“w““ﬂ;f~nﬁ»“':'“DHH‘
M Y T A Tr Lo Ta

TreZ RECDE [EYAD]ATIIN TAC

Figure 2: Measured sensitivity &s a function of time after irraciation for
deviczs from the first Mitel batch., The device in Socket 3 was excluded
because of a fault which developed near the end of these measurements.




gammas (0.66 MeV). This large response at low photon energies was attributed
to tne large amount of gold plating in the ceramic package near the MOSFET
chip. This 1s discussed further in Sec 9 o’ this report,
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4. Difference between Sensors from First and Second Mitel Preduction Batches

.y

it

The first sensors from the second Mitel batch were packagea by
Pantronics, primarily for economic reasons but also te check the dependence
of perfcrmarce on packaging, It was noc anticipated that the difference in
packaging would appreciably affect the performance. However, measurements
made under the same conditions as for the the sensor:z from the first batch,
packaged by Siltronics, showed a lower sensitivity (1.6 mY/cGy at 24 h) and
gererally little drift in readirj for several Jays after irradiation. A
typical average drift pattern is shown in Fig 3. After several days most of
the readings gradually drifted upward with considerable variation from device
to dovice, as shown in Fig 4 by the plots for three individual devices.

PRCR Aar S B R IR

L P
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Subsequently, scoae s2nsors from the second batch were packaged at
Siltroaics along with some more sensors from the first batch, Results are
plotted in Figs 5 and 6. Comparison of Figs 3 and 5 indicate that there are
large differences which can be attributec to differences in the packages
and/or packaging procedures used at Siltronics and Pantronics. Huwever, the
differences between Fiys 5 and 6 indicate that there are also significant
differences between devices from the two Mitel batches. Initial
sensitivities are about the same but the post-irradiation drift is faster for
the second batch, reaching almost 2.2 mV/cGy 24 h after irradiation and
peaking a few % higher abcut 1 week later. The differences between sensors
from the two Mitel batches are about 10%, depending on the time after
irradiation. Those from the first batch are the more acceptable because of
the smaller overali variation in reading with time,
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5. Sensitivity of Sensors in Unsealed Packag:s

EEF P T PSS

Some of the sensors packaged at Siltronics were left uaseailed and
some of the hermetically-sealed packages from both companies were opened.

When the Siltronics-packaged sensors were irradiated a few minutes
after they were opened, they showed most of the {ncrease in reading observed
when they were kept sealed. However, after being opened for more than a day
before irradiation, the readings for devices from the first Mitel batch were
observed to increase more slowly as shown in Fig 7. A similar respunse was
cbserved for these sensors which were mounted in the unsealed packages. The
24-h sensitivity is lower than for the sealed sensors but the
post-irradiation drift is very small for several mcnths.

e S 0

IR

F

The unsealed devices from the second Mitel batch (and devices from
this batch which were irradiated after being open for three days) showed &
much larger drift than devices from the first batch. This is shown in Fig 8
which resembles the Jrift of the Pantronics-packaged sensors of Fig 3.
Opening the Pantronics packages did not appear to alter the response
appr:ciably as seen by comparison of Fig 9 (for two devices only) with Figs 3
and 4,
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DRIFT IN RADINTION SENSITIVITY

BCARD® 27 WnFERY 120 THICKNESS .4 MICRON
INITIAL READING 8 4 WAS ON DAY 172.574
IRRADIATION # ! WAS ON DAY 321.562 .

EXPOSURE IN R 22€.0
RATE [M R/H 1023.9
BIAS IN VOLTS 5.8
FIRST SET QOF READINGS FOR SENSITIVITY MEASUREMENT IS # S

AVERACE INITIAL READINGS :
BATE~SOURCE-VOLTAGE = 2.8382 ( .2035) V DIFF VOLTAGE = .9233@ ( .29030) V

R K B F L Ty SRR R R L, M

3 Emw&mmﬁmmmmmmwmmummnmmummmmmmmmmWMMMmmmmmhmmﬁummnmmw ;

1| H 4! '
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TIME AFTES 1BSRTIATISN  CN. T

AVERAGE SENSITIVITY IN MVU/R 24 H AFTER IRRADIAYION FOR BOARD # 27 "
NUMBER OF DEVICES IN AVERAGE = 20 )
BINSED SIDE UNBIASED SIDE DIFFERENTIAL .
2.0331 ( .2245%) .5@858 ( .0168: 1.5273 ( .0165) !
AVERAGE SENSITIVITY RELATIVE TO 24-H SENSITIVITY FOR BOARD # 27 A
DAYS AFTER IRRAN BIASED SIDE UNBIASED SIDE DIFFERENTIAL o
.212 L9887 ( .2088) - .9733 ( .0188) .9935 ( .0108; .
.989 1.0C00 ( .12t 1.2029 ( .0334) 1.0000 ( .Q101) e
1.832 1.91@5 ( .0!84) 1.@276 ( .Q4865) 1.0048 ( .Q126) =
3.9015 1.0245 ( .Q786) 1.9572 ( .Q5E®) 1.0136 ( .Q212) -
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33.808 1.1539 ( .2449) 1.1824 ( .0398) 1.1445 ( ,04394) -
44,937 1.1643 ( .0408) 1.1873 ( .0365) 1.1867 ( .Q0451) N
56.830 TrA721 0 L0379 1.1975 ( .Q353 1.1637 ¢ .Q417) N
69.@245 1.1807 ( .Q356) 1.2204 ( .@354) 1.1676 ( .933@) N
103.990 1.i863 ( .@e317) 1.2164 ( .0331) 1.1764 ( .0344) ’
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Figure 3: Measured sensitivity as a function of time after irradiation for
devices from the second Mitel batch packaged by Pantronics. Note the low
24-h censitivity compared with Figs 1 and 2.
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ORIFT IN RADIATION SENSITIVITY
'g BOARDH 11 WAFERS 113 THICKNESS .3 MICRON
NITIAL READING # 7  WAS ON DAY 384, 144
&y ERRHD!RTION % I WAS ON DAY 184.IR8
;y EXPOSURE IN R 200.0
i Ohhe IN orrs | oveg
» v . -
N ?{sgrlser GF READINGS FOR SENSITIVITY MEASUREMENT 15 # 8
| )
AVERAGE INITIAL READINGS :
}; GATE- SQURCE-VOLTAGE = 2.977@ { .136@) ¥ DIFF VOLTAGE = .0024 ( .Q@13) v
o AVERAGE SENSITIVITY IN MV/R 24 H AFTER IRRADIATION FOR BOARD 8 11
oo ANUMBER OF DEVICES IN AVERAGE = 8
= BIASED SIDE UNBIASED SIOE DIFFERENTIAL
o 2.8040 ¢ .0392) L7058 ( .0153) 2.0987 ¢ .0289)
Ea AVZRAGE SENSITIVITY RELATIVE TO 24-H SENSITIVITY FOR S0RRD # 11
DAYS AFTER IRRAD BIASED SIDE UNBIASED SIDE OIFFERENTIAL
I .003 8613 ( .017@) L8816 ( .07249) .8545 ( .@161)
o .238 L9181 ( .Q172) 9261 ( .@233) 9155 ( ,@167)
2 175 .9625 ( .@162) L9626 ( .0218) L9625 ( .Q163)
N .299 .9723 ( .Q152) .8730 ¢ .0223) .9729 ( .@148)
o .385 1.0000 ( .0140) 1.0000 ( .0Z17) 1.0002 ( .Q138)
S 1.992 1.9115 ¢ .Q14Q) 1.0112 « .02186) 1.0115 ( ,Q137)
A 3.106 1.0133 ¢ .0118) 1.0137 ( .0219) 1.OHIT ( .2118)
» £.073 1.0254 ( .0119@) 1.2331 ( .QZ16) 1.0208 ( .2105)
-, 9,102 1.9234 ( .@¢28) 1.0348 ( .021d) 1.0106 { .Q083)
N 13.081 1.017S ( .Q034) 1.0373 ( .Q136) 1.0108 ( .0093)
N 21.033 1.0174 ( .@077) 1.0380 ( .0189) 1.9104 ( .0970)
. 27.175 1.0122 ( .0084) 1.0409 ( .@182) 1.0026 ( .2083)
N 35.30S 1.0066 ( .0084) ©1.0390 (.0179) 79957 (L3 1)
- 62.218 .3999 { .0088) 1.0403 { .@176) L9864 ( .2101)
el 104.091 .9858 ( .0@77) 1.0400 ( .0163) 9675 ( .0087)
111.268 L9837 ( .@@73) 1.0339 ¢ .0181) 9648 ( 0083
136.082 9843 ( .0@53) 1.0464 ( .Q172) .9634 ( .@067)
e 161.170 .9762 ( .QQ88) 1.0503 ¢ .0181) L9511 ( .@103)
" 177.023 735 ( .0086) 1.9540 ( .0174) .9866 ( .Q102)
“a 270.015 9687 ( .0MR) 1.0445 { 315%) L9431 ( .@@93)
(56
N
N ; LAFES 8 (171 ;
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5:1 Figure 5: Measured sensitivity as a function of time after irradiation for
ba devices from the second Mitel batch packaged at Sil;ron{cs. Note the much
F:s' faster increase in reading and the higher 24-h sensitivity than for the
' Panatrcnics-packaged devices of Figs 3 and 4.
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DRIFT IN RADIATION SENSITIVITY

B8OARDE 33 WAFERY 17 FTHICKNESS .4 MICRON
INITIAL READING # 21 UAS ON DAY 469, 345
IRRADIATION & 2 WARS ON DAY 4B1. 346

EXPOSURE IN R 202.0
RATE [N B/H 1000.9
BIAS IN VOLTS 5.5
FIRST SET 0OF READINGS FOR SENSITIVITY MEASUREMEMT IS # 22

AVERAGE INITIAL READINGS :
GATE-SOURCE-VOLTAGE = 3.1181 ¢ .2784) V UIFF VOLTAGE = .QQ0Z ( .0043) v

RVERAGE SENSITIVITY IN MV/R 24 H AFTER IRRADIATION FOR BOARD # 33
NUMBER OF DEVICES IN AVERAGE = 20

BIASED SIDE UNBIASED SIDE DIFFFRENTIAL
2.4805 ( .97293) L8077 ( .2@%9) 1.8528 ( .9251)
AVERAGE SENSITIVITY RELATIVE TO Z4-H SENSITIVITY FOR BOARD 8 33
DAYS AFTER IRRAD BIASED SIDE UNBIASED SIOE OIFFERENTIAL
. 003 .93681 ( .00%9) .865@ ( .0084) L9528 ( .31 15)
.02} .8491 { .0099) 9050 ¢ .0078) 9636 ( .@11R)
. 140 .9697 ( .0104) .9438 ( .0083) .9782 ( .12
.288 .9796 ( .Q107) .963@ ( .20886) .9851 ( .0124)
.976 1.0000 { .0119) 1.0000 ( .0297) 1.0000 ( .0135)
1.971 1.0114 ( .Q129) 1.O171 ( .Q105) 1.0@39% ( .2141)
3.0 1.0167 ( .0130) 1.0300 ( .0114) 1.0124 ( .Q1477)
6.287 1.0308 ( .0148) 1.0681 ( .@148) 1.0185 ( .0160)
14,184 1.9428 ( .Q1S8) 1.0807 ( .0146) 1,0303 ( .73
22.035 1.0490 ( .Q@161) 1.0968 ( .©147) 1.0333 ( .o\77»
27.219 1.0485 ( .Q164) 1.1003 ( .0148) 1.0328 ( .0189)
34.261 1.0508 { .QtED) 1.1047 ( .0151) 1.0331 ( .Q183)
43,248 1.0267 ( .@181) 1.11693 ( .0159) 1.0370 ¢ .2197)
89.102 1.0573  .Q167) 1.124% ( .0161) 1.03%55 ( .a178)
142.116 1.0600 ( .0182) 1.1314 ( .Q168) 1.9366 ( .2186)
167.040 1.0601 ( .Q184) 1.1425 ( .0183) 1.933) ( .Q194)
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Figure 6: Measured sensitivity as a function of time after irradiation for
devices from the first Mitel batch packaged and irradiated along with those
in Fig 5. Note the agreement with earlier measurcments of Figs 1 and 2 and
the differences from Figure 5, showing the different characteristics of the
two Mitel batches.
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DRIFT IN RADIATION SENSITIVITY

BOARDE 7 WAFER® 17 THICKNESS .4 MICRON
INITIAL READING # 18 WAS ON DAY 431,358
[RRADIATION # 2 WAS ON 0AY 491.383

EXPOSURE IN R 201.9
RATE IN R/H 1000.9
BIAS IN VOLTS S.6
FIRST SET OF READINGS FOR SENSITIVITY MEASUREMENT IS # 19

" AVERAGE INITIAL READINGS :
GATE-SOURCE-VOLTAGE = 3.1105 ( ,1480) v DIFF VOLTAGE = .90006 { .0@02) V

AVERAGE SENSITIVITY IN MV/R 24 H AFTER IRRADIATION FOR BOARD # 7

KPP OT PP P IS RIS o €N C S _ A _F_® e ™n "nX. WS

NUMBER C~ CEVICES IN AVERAGE = z

BIASED SIDE UNSIASED SIDE DIFFERENTIAL

2.2€83 ( .Q022) L5279 ( .0124) 1.7404 { .29126)
! AVERAGE SENSITIVITY RELATIVE 7O Z4-H SENSITIVITY FOR BOARD # 7
) DAYS AFTER IRRAD BIASED SIDE UNBIASED SIDE DIFFERENTIAL

.04 .390Z ( .Q052) L9738 ( .0057) .8952 ( .008S:
.022 .9910 ( .0034) .3684 ( .0099) .3979 ( .0074)

i .08¢ 3368 ( .0016) .3873 ( .01SB) .9837 ( .Q068)
N . 164 .9974 ( .0014) .9896 ( .0170) .9997 ( .0070)
. 1.013 1.0000 ( .0210) 1.0000 ( .0198) 1.0000 ( .0072)
o 4.166 1.0049 ( .0011) 1.0174 ( .07203) 1.0012 ( ,0076)
N 29. 267 1.0405 ( .0B74) 1.1173 ( .0042) 1.0171 ( .2109)
< 54.154 1.0543 ( .Q0Q6Q) 1.1494 ( .Q0Q42) 1.0254 ( .0d91)
- 62.072 1.0552 ( .0078) 1.1588 ( .2042) 1.0237 ¢ 213
2 72.018 1.9573 ( .2075) 1.1654 ( .0042) 1.0245 ( .91 )

102.014 1.9646 ( .0063) 1.1748  .@@3 1) 1.0312 ¢ .99y
Q 118.071 1.2613 ( .@083) 1.1664 ( ,0@33) 1.0294 ( .2119)
5 133.012 1.0622 ( .0083) 1.1673 ( .0042) 1.0303 ¢ .@121)
"
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Figure 7: Measured sensitivity as a function of time after 1rrad1at10n for
two devices from the first Mitel batch irradiated 24 h after their sealed
packages were opened. Note the low drift in reading during the first day
compared with the sealed devices of Figs 1,2 and 6.
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DRIFT IN RADIATION SENSITIVICY

BOARDE 25 WAFER® N9 THICKNESS .4 MICRON
INITIAL REARDING & 22 WwAS ON DAY 467. 325
TRRADIATION # 2 WAS ON DAY 467.335

EAPOSURE IN R 201.@
RATE [N R/H 1200.0
BIAas IN VOLTS 5.8
FIRST GET OF READINGS FOR SENSITIVITY MEASUREMENT IS # 23

AVERAGE .NITIAL READINGS :
GATE-SOURCE-VOLTAGE = 2.7571 ( .0734) V OIFF YCLTAGE « .0@27 ( .Q070 V

AVERAGE SENSITIVITY IN MV/R 24 M AFTER IRRADIATION FOR BOARD & 26
NUMBER CF DEVICES IN AVERAGE = 7

BIASED SIDE UNBIASED SIDE DIFFERENTIAL
2.0852 ( .Q144) 5031 ( .@78) 1.582¢ ( .009Q)
AVERAGE SENSTTIVITY RELATIVE TO 24-H SENSITIVITY FOR BOARD # 26
DAYS AFTER IRRAD BIASED SIDE UNBIASED SIDE DIFFERENTIAL
. @05 .9341 ( ,0058) L9891 ( .Q101) L9957 ( .Q956)
Q21 .9977 ( .Q055) .9866 ( .0Q126) L9980 ( .00%8)
. @96 .9985 ( .0069) 1.00e8 ( .0157) .9930 ¢ .00%7)
173 .899387 ( .QQ69) 1.0014 ( .0157) L9991  .Q087)
.999 1.0000 ( ,0063) 1.0000 ( .015%) 1.0000 ¢« .0957)
2.073 1.0013 ( .0063) 1.8030 ¢ .0150) 1.0008 ( Q058!
g.193 1.0454 ( ,0128) 1.1081 ( .2198) 1.0254 ( .Q114)
15.04¢ 1.0973 ( .01e7) 1.1661 ( .@168) 1.0754 ¢ . 0178)
2i.230 1.1176 ¢ .2140) 1.1808 ¢ .0174) 1.9975 ¢ .0142)
28.271 1.1429 ( ,Q@1582) 1.1927 ( .217Q) 1,127V ¢ .@d164)
37.4¢61 1.163930 ¢ .0122) 1.2175 ( .0156) 1.1835 ¢ .@1Z27)
S3.121% 1.2154 ( .@143) 1.2541 ( .0166) 1.2039 ( .d!158)
137.266 1.2693 ( .9154) 1.3147 ( .0149) 1.2549 ¢ .0186)
161.042 1.2678 ( Q1B 1.3259 ¢ .Q1687) 1.2494 ( .9192)
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Figure 8: Measured sensitivity as a function of time after irradiation for
devices from the second Mitel batch which were packaged by Siltronics and
irradiated 3 days after their sealed packages were opened. This resembles
the response for the Pantronics-packaged sensors of Figure 3.
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DRIFT [N RADIATION SENSITIVITY
BOARDE 7 WAFERH® 100 THICKNESS .4 MICPON
INITIAL READING & 15 WAS ON DAY 491. 358
IRRADIATION # 2 WAS ON DAY 481.383
EXPOSURE IN R 20t.9
RATE IN R/H 1000. 0
BIAS IN VOLTS 5.6
FIRST SET OF READINGS FOR SENSITIVITY MEASUREMENT IS # 19
AVERAGE INITIAL READINGS :
/ ) GATE-SNRCE-VOLTAGE = 3.2027 ( .@082: V DIFF VOLTABE = .QRQI5 ( .9QQ2) V
-4’v . AVERARGE SENSITIVITY IN MV/R 24 H AFTER IRRADIATION FOR BOARD # 7
- NUMBER OF DEVICES IN AVERAGE = 2
. BIASED SIDE UNBIASED SIDE DIFFERENTIAL
/' 2.9667 ( .0012) 5127 ¢ .2077) 1.554@ ( .0089)
/ R AVERAGE SENSITIVITY RELATIVE TO 24-H SENSITIVITY FOR BOARD # 7
‘ ‘ DAYS AFTER IRRAD BIASED SIDE UNBIASED SIOE DIFFERENTIAL
. 004 L9947 ( ,2004) .9893 ( .@141) .3964 ( .Q@51)
@22 .9831 ( .0004) .9782 ( .Q146) .9880 ( .0054)
- . 080 L9971 (0005} .3318 ( .0146) .9985 ( .0e054)
T . 164 .9974 ( .0006) .3918 ( .9148) .3892 ( .Q@S6)
o . 1.213 1.0000 ( .0205) 1.0000 ( .Q150) 1.0000 ( .Q057)
4.1866 1.0084 ( .0008) 1.9262 ( .Q150) 1.0025 ( .00E9)
29.067 1.1895 ( .0074) 1.2377 ( .0141) 1.1736 ( .0145)
€4.154 1.2321 ( .0118) 1.2746 ( .@131) 1.2181 ( .Qz01)
62.072 1.2349 ( .9l1e6) 1.2858 ( .0126) 1,218, ( .9183)
79.0189 1.2407 ( .9210%3) 1.2973 ( .0131) 1.2218 ¢ .Q189)
1902.¢14 1.2835 ¢ .Q132) P 3062 ( .Q116) 1.2361 ( .Q72!'4)
118.071 1.2504 ( .0133) 11,2994 ( .@9107) 1.2343 ( .0213)
133.012 1.2520 ( .9128) 1.3057 ( .@141) 1.2343 ( .Q716)
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Figure 9: Measured sensitivity as a function of time after irradiation for
devices packaged at Pantronics and irradiated 24 h after opening. The
sensitivity is seen to closely resemble that of the sealed sensors in Figs 3
and 4,
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6. The Effects of Pre-Irradiation Heating the Sensors

Heating the sensors to temperatures up to 400°C prior to irradiation
made little difference to the response of those sensors packaged by
Siltronics, but large changes were observed in the post-irradiation drift
patterns of the sealed Pantronics-packaged sensors, depending on the
magritude and duration of the temperature. Heating these Pantronics-packaged
sensors to 3060°C for 10 to 20 min ieft them with about the same raaiation
characteristics as the Siltronics-packaged sensors, as seen by comparison of
Fig 10 with Fig 5. Prolonged heating of these sensors restored them to their
original radfation response. After opening the packages, pre-irradiation
heating had no observable effect.

7. The Effect of Hydrogen on the Sensors

As part of an investigation of the photon energy respunse (see Sec.
9), some of the MOSFET chips were potted in various materials. It was noted
that the post-irradiation drift of the Pantronics sensors in epuxy was
modified considerably and showed the upward drift characteristic of those
packaged by Siltronics. Diffusion of hydrogen from the epoxy into the gate
oxjde was suspected and, consequently, some sensors were tested after being
exposed to hydrogen in a gaseous mixture of nitrogen and hydrogen. These,
also, showed the upward post-irradiation drift when irradiated shortly after
removal from the nitrogen/hydrogen mixture, as shown in Fig 11. This
response is seen to be very similar to that for the sealed sensors of this
type, shown in Fig 2, for the first day after irradiation, but the response
of the unsealed sensors 1s seen to become about 10% less at later times.

It was also found that increases in the sensor readings were induced
by inserting the sensors in the nitrogen/hydrogen mixture after irradiation.
Fig 12 shows the sensitivity measurements for six devices from the second
Mitel batch which had been opened before irradiation. The plot for device #)
represents three of these, which had been opened for three days, and device
#5 represents the other three, which had been opened for only a few minutes.
These devices were stored in a nitrogen/hydrogen mixture between days 27 and
36, during which the large jump in readings is seen to have taken place.

Thus indications are that the upward post-irradiation drift in the
readings is related to the presence of hydragen which modifies the trapping
conditions., Heating may have the effect of redistributing the hydrogen in
some of the sensor packages.

8. Response as a Function of Bias Voltage

Detailed measurements of radiation sensitivity as a function of
gate-to-substrate voltage (bias voltage) were made using unheated sensors
packaged by Pantronics. Results are plotted in Fig 13 for biases from -100
to +100 V using 24-h readings. Similar behavior was found for the sensors
packaged by Siltronics but their response for positive bias was about 30%
larger.
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DRIFT IN RADIATION SENSITIVITY

BOARDH 4 WAFERY 100 THICKNESS .4 MICRON
g INITIAL READING # 8  WAS ON DAY 363,440
K IRRACIATION # Z WAS ON DAY 383.453
. EXPOSURE IN R 200.0
/ RATE IN R/H  1000.0

BIAS IN VOLTS 5.5
FIRST SET OF READINGS FOR SENSITIVITY MEASUREMENT IS # 9

AVERAGE INITIAL READINGS :

AR
::""-"\."\ > »

Figure 10:

devices packaged by Pantronics and heated for 10 min at 300°C prior to

irradiation,

devices from the same Mitel run as seen in Figure 5,
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Measured sensitivity as a function of iime after irradiation for

Note the similarity to the response of the Siltronics-packaged

. GATE-SOURCE-VOLTAGE = 3.1240 ( .@2614) v OIFF VOLTAGE =~ .Q@37 ( .0020) Vv
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' NUMBER OF DEVICES IN AVERAGE = 3
BIASED SIDE UNBIASED SIDE DIFFERENTIAL
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ORIFT TN RADIATION SENSITIVITY
BOARD® 35 WAFER® 17 FTHICKNESS .4 MICRON

INLTTAL READING # 21 WAS ON DAY 462.405

TRRADIATION & 2 UAS ON DAY 462,417

EXPOSURE IN R 207.0

RATE IN R/H Q00D . O

BIAS [N VOLTS 5.6

FIRST SET OF PEADINGS FOR SENSITIVITY MEASUREMENT IS & 22

AVERAGE INITIAL READINGS :

GATE-SOURCE-VOLTAGE = 2.9563 ( .Q319) v DIFF VOLTAGE = .@O@33 ( .2030) v

AVERAGE SENSITIVITY IN MV/R 24 H RAFTER IRRADIATION FOR BOARD # 35
NUMBER OF DEVTCES IN AVERRGE = )

BIASED SIDE UNBIASED SIDE DIFFERENTIAL
2.5366 ( .0329) 6417 ( .01586) 1.8948 ( .0188)
AVERAGE SENSITIVITY RELATIVE TO 24-H SENSITIVITY FOR BOARD # 35
DAYS AFTER [RRAD BIASED SIGE UNBIASED SIDE DIFFERENTIAL
.23 .9323 ( .0047) .8820 ( .2106) .9494 ( .2033)
. &09 .9427 ( .Q071) 9933 ( .otan .3535 ( .@d%54
L0268 .9582 ( .019z. L9185 ¢ .9174) L3727 (L0031
Q74 L3775 (L0129 .9474 ¢ .Q211) L9877 ¢ .2105)
.191 23920 (.14 .9734 ¢ .Q238) .9984 ( .01z
.899 1.0000 ( .Q130) 1.0000 ( .0243) 1.0000 ( .0033)
1.945 .3308 { .0106) 1.0041 ( .2235) 9863 ( . QQ7%)
5.015 .9902 ( .0080) 1.0243 ¢ .0229) 9787 ¢ .0049)
13,112 .3804 ( .9853) 1.0166 ( .0210) L9681 ( .0066)
20.964 9781 ( .@@53) . 1.9225 ( .Q238) - - -.9603 ( .QQ84)
25.149 .9668 ( .0074) 1.9Z211 ( .0239) .3484 ( .007%)
33.189 .9624 ( .02064) 1.0204 ( .Q218) L9427 ( .0075)
41.976 .9623 ( .00586) 1.9255 ( .0207) .34909 ( 2059
6§5.148 .9587 ( .0065) 1.0325 { .070%) .9338 ( .Q094:
141 .180 9531 { .0065) 1.9287 ( .013¢) L9278 ¢ a2
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Figure 11: Measured sensitivity as a function of time after irradiation for
devices from the first Mitel batch which had been left unsealed and which had
bean stored in a nitrogen/hydrogen mixture for the 21 h preceeding
irradiation. Note the agreement with the response of the sealed devices of
Figure 2 for the first day and the differences in the drift patterns at later

times,
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DRIFT IN RADIATION SENSITIVITY
BOARDCE 18 WAFER® 119 THICKNESS .4 MICRON

8 2 WAS ON DAY 4E68.419
IRRADIATION # 1 WAS ON DAY 468.438
EXPOSURE IN R 00.5

RATE IN R/H 1009. 0
BINS IN vOLTS 5.8
FIRST SET OF READINGS FOR SENSITIVITY MEASUREMENT IS # 3

INITIAL READING

AVERAGE INITIAL READINGS :
GATE-SQURCE-VOLTAGE = 2.7886 ( .9573) Vv DIFF VOLTAGE = . 9@19 « .0d10) v

AVERAGE SENSITIVITY IN MV/R 24 H AFTER IRRADIATION FOR BOARD % 18

. NUMBER OF DEVICES IN RAVERAGE = B
BIASED SIDE UNBIASED SIDE DIFFERENTIAL
72.4320 ( .253Q) .6146 ¢ .0607) 1.8174 { .1984)
AVERAGE SENSITIVITY RELATIVE 70 24-H SENSITIVITY FOR BOARD # 18
DAYS AFTER IRRAD BIASED SIDE UNBIASED SICE OIFFERENTIAL
.02 .3288 ¢ .@€18) L9124 (¢ Q787 .3344 ( 9582
.09 -3433 ( 0701} L3313 ( .@85%) .948: ( . 2Kag)
. 050 .9757 ¢ .08380) .9692 ( .041@®) L9773 .0871)
113 .3860 ( .0983) .3834 ( .0540) .9870 « .0972)
. 363 1.000Q ( .1065) 1.0000 ( .9987) 1.002d ¢ . 1092)
7.0394 1.0144 ( .0788) 1.9285 ( .0689) 1.0996 ( .08193)
14.34% 1.0277 ( .0589) 1.0457 ( .0587) 1.9216 ( .9564)
20.126 1.0327  .0529) 1.2484 ( .055Q) 1.0273 ( .0497)
27.112 1.0343 ¢ .0403) 1.0548 ( .0525) 1.9274 ( .Q36%)
35.945 1.22585 ( .Q198) 1.2171 ( ,9148) 1.2284 ( .0289)
35.996 1.2163 ¢ .Q170) 1.2214 ( .Q164) 1.2146 ( .025%)
36. 155 1.2037 ( .0152) 1.2196 ¢ .0180) 1.2063 ( . Q24
36.952 1.2039 ¢ .@1sB) 1.2163 ( .0159) 1.1994 ( ,@234)
38.222 1.1983 ( .0159) 1.2160 ( 9127 1.18923 ( .0730)
42.934 1.1907 ( ,@151) 1.2148 ( ,0149) 1.1826 ( .0222)»
43,5943 1.187¢ ¢ .0144) 1.2080 ( .0i171) 1.1798 ¢ .21
47.947 1.1864 ( .@143) 1.2154 ( ,01K1) V1765 ¢ L0217
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Figure 12: Measured sensitivity as a function of time after irradiation for
devices from the second Mitel batch which had been opened before
irradiation. Device #1 was opened 3 days before irradiation and device #5
for only & few minutes. These devices were stored fn a nitrogen/hydrogen
mixture between days 27 and 36. Large increases in the readings are seen to
have taken pluce during this period.
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Readings were taken 24 h

Radfatfon sensitivity as a function of gate bias during
irradiation for sensors packaged by Pantronics.

Figure 13

60co,
that the minimum response occurs at a small negative voltage,

The detailed differential response shows

after exoosure to 200 R of
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The sensitivity/bias relationship can be explained by accepted
models of the MOSFET (Ref (13)). Low sensitivity at zero bias can result
from the recombiration of the holes and electrons produced by the ionizing
parti.cles. The application of a voltage during irradiation establishes an
electric field which separates the charged particles, reducing recombination
and removing some of the charged particles from the uxide. The electrons,
which have a higher mobility than the holes, should be more readily removed.

A positive bias on the gate causes the hoies to migrate toward tnhe
Si/Si02 interface at the silicon chip where there is 2 high concentration
of hole traps. Charges trappec¢ near this interface are more effective in
causing a shift in the gate-to-source operating voltage, since this shift is
proporzional to the distance c¢f the trapped charged from the gate. Thus, the
positive bias can lead to a relatively large radiation sensitivity. The
application of a negative voltage leads to relatively low radiation
sensitivity by reducing recombination and by causing the holes to drift
toward the gate.

There may also be some negative-charge trapping but, evidently, the
positive-charge trapping always predominates for these devices since, even
with a negative bias, the gate-to-source operating voltage is always observed
to increase as a result of irradiation.

The maximum theoretical shift in voltage can be calculated on the
ascumption that all the positive charge produced by the ionization is trapped
at the chip interface and that all the negative charge is removed. This
snift is given by

AY = 4Q/C, (1)

where AQ 1s the number of electron-hole pairs produced per unit area and C is
the gate capacitance per unit area, For a cose D in Si02 of thickness x

AQ = [ o] XE/H, (2)

where o is the density of Si0p, e is the electronic charge and W the energy
required to produce an electron-hole pair in Si0z (W/e is the energy in eV).
C can be taken asek/x where ¢ is the dielectric constant of Si02 and k the
permitivity of free space. AV/D becomes

AV/D = o x2e/Wek (3)

Using o= 2.3 x 103 kg/m3, x = 4 x 10-7 m, W/e = 18 e¥ and = = 3.9,
&¥/D = 0,59 V/Gy = 5.9 mV/cGy.
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Measurements were made in terms of exposure X in Roentgens (R).
(For 60Co, 1 R is equivalent {o about 0.96 cGy (tissue)). As discussed in
Sec. 9, indications are that the dose per unit exposure for these sensors in
the present packages is about 1.1 cGy {oxide)/R. This gives V/X = 6.5
myY/R or V/D = 6.8 mV/cGy (tissue) for the maximum values. Comparison of
this value with the responses found for these sernsors indicates that the
above conditions for maximum voltage shift exist at large positive bias.

For the Siltronics-packaged sensors, which have an upward
post-irradiation drift in reading, the increase in gate-to-source voltage was
found to increase with increasing positive irradiation bias, although the
increase in terms of dose became smaller. It was also noted that the
post-irradiation drift was not strongly dependent on the gate bias maintained
after irradiation. The upward drift remained much the same with the
post-irradiation bias at +5.6 or -5.6 V., These results tend tc negate the
theory that this drift may be related to detrapping of positive charge in the
bulk of the oxide and retrapping closer to the silicon chip, since the
negative voltage should cause the holes to drift in the other direction.

Detrapping of negative charge could explain the upward
post-irradiation drift, assuming that the detrapped electrons are removed
from the oxide by an electric field or by diffusion. This explanation
requires a fairly large fraction of negative-charge trapping even at the
higher electric fields used. Possibly the higher concentrations of hydrogen
in the oxide serve to promote negative-charge detrapping.

5. The Effect of Packaging on the Photon-Energy Response

Sensors packaged by both manufacturers showed similar energy
response as described above for sensors from the first production run. To
study the effects of the packaging material, such as the gold plating on the
contacts near the MOSFET chip, some of the chips, mounted on the base of the
packages, were potted with other materfals, including epoxy, paraffin wax,
silicone and alumina. These materials were found to reduce the response at
energies between 100 and 200 keV. In addition, the epoxy and, to a lesser
exte?t, the paraffin were found to enhance the post-irradiation drift in
reading.

At 60co energy, the paraffin and silicone reduced the response by
about 13%. Fine grains of alumina covering the chip reduced the response by
about 8%. The reduction for epoxy could not be measured conclusively because
of the large post-irradiation drift with that potting material,

The response to x-rays relative to 60co gammas is shown in Table I
for Pantronics-packaged sensors in their normal (cpened) packages and after
potting in epoxy. The energies 11sted are median energies for filtered x-ray
spectra with FWHM of about 50% of the median enerqgy. The epoxy is seen to be
very effective in flattening the energy response such that sensors potted in
this material would require 1ittle or no photon filtration,
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Measurements with the other potting materials were done with only
one x-r&y energy anc 60¢co gammas. Siltronics-packaged sensors were used
for this purnose. The resung are given in Table II which includes ratios cf
the response to x-rays and “YCo gammas for the normal packages and for some
packages with the usual ceramic 1id replaced by other materials.

Table I

Pesponse of Normal and Epoxy-Potted Sensors to X-Rays Relative to
Their Response to 60co Garma Rays. Irradiation Was Normal
to the Main Surfaces of the Chip from Either the Frcnt or Back

X-Ray Normal Epoxy
Energy Front Back Front Back
190 KeV 3.4 2.9 1.07 1.04
135 Ke¥Y 2.6 0.94
200 KeV 1.77 0.92
Table [I

Response of Sensors to 135 (or 140)-keV
X-Rays Relative to 90Co Gamma Rays

X-Ray Package Package Response Ratio
Enerqy Type Modifications Front Back
135 Ceramic None 2.7 2.6
140 Ceramic None 2.6 2.8

140 Ceramic Aluminum Lid 2.1

140 Ceramic Tin Lid 9

140 Ceramic Clear Sapphire Lid 2.1

140 Ceramic Polyethylene Lid 1.6

135 Ceramic Kapton Lid 1.8

135 Ceramic Silicon Grease Potting 1.14 1.02
135 Ceramic Paraffin Wax Potting 1.04 0.90
135 Ceramic Granular Alumina Potting 1.09 0.97
135 Cerdip None 2.6

135 Cerdip Epoxy 0.94
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As seen in Table i] the response for these x-rays relative to 60Co
is between 2.5 and 3 for the normal packages. Replacing the normal 1id of
the ceramic package (with its glass bead for sealing) with sapphire (which is
also A1703), aluminum, polyethylere or Kapton leads to a considerable
reduction in response. There is a further reduction when the open volume
around the chip is completely filled, the three potting materials all being
effective at this erergy. The alumina poured around tne chip is more inert
than the other materials and does not induce a post-irradiation drift in the
readings. However, this type of potting might be 4ifficult to implement on a
large scale.

Measurements were made using a tin 1id to demonstrate the effect of
a high-Z material. It can be presumed that photoelectron and x-ray
scattering from gold plating in the package and from lead in the sealing
glass are responsible for the large resporse observed for x-irradiations of
sensors in the unmodified ceramic and cerdip packages used by Siltronics and
Pantronics. A more suitable package is being considerea for future sensors.

10, Dose-Rate Response

As stataed in Sec, 3, the response of the biased side of these
sensors 1s reduced at very high dose rates and it has been concluded that
this was related to a drop 1n bias voitage during the radiation pulse. It
was suggested in Ref (11) that this could be due, in part, to conductivity in
the nitrogen gas in the sealed packages and that sensors in another
atmosphere, such as air in which the electron lifetime is short, might show a
lesser dose-rate effect. However, more recent measurements have shown that
both sealed and unsealed sensors have similar de?radation in response when
frradiated at the very high dose rates from a puised x-ray source,
Measurements were made with the 6-MeV pulsed x-ray source at Aberdeen Proving
Ground using a dose of approximately 5 Gy in & single 80-ns pulse. The
sensors were connected as shown in Fig 14 using a bias voltage E of 5.6 V and
biasing resistors R of 1 M ohm. Half of the sensors had a 1-nF capacitor C
added between the biased gate and the substrate, but no capacitance was added
to the unbiased gates. The average values for seven or eight sensors, about
half of which were sealed, are listed in Table gbé which gives the response
to the x-ray pulse relative to the response to °“Co gamma rays.

The response of She unbiasea gate was observed to be high for the
x-ray pulse relative to 60Co. 7his was not altered by potting the sensor
chip in alumina or epoxy indicating that the high response is not due to the
high response of a low-energy component of the x-ray spectrum, Maier and
Tallon (14) have shown that at very high dose rates photovoltaic effects can
cause the generation of a positive bias in this type of device which could
explain this sensitivity enhancement., As seen from Table III, the addition
of a 1-nF capacitor gave a large improvement in the response of the biased
gate but the differential response to the x-ray pulse remained 20% lower than
for 60co. Further investigation of this problem is required and should be
carried out using the MOSFET in its dosimeter package.
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This simulates a practical circuit in a dosimeter

Circuit diagram of biasing arrangemeht used in testing the

response to pulsed x-rays.
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TABLE Il

Radiation Sensitivity .f MOSFET Sensor to Pulsed

X-Ray Source Relative to 0Co Source. Note the

Increase in Response when the Capacitor Is Added
between the Biased Gate and the Substrate

Added Capacitance (nf) Relative Sensitivity

Unblased Biased Unbiased Biased Djfferential
0 0 1.25 0.45 0.2
0 ' 1 1.25 0.9 0.6

11, Summary and Conclusions

Comparison of measurements of MOSFET sensors from the two production
batches at Mitel shows that there is a significant difference in the response
of the two batches as measured at various times after irradiation, This may
be related to differences in fabrication procedure which should be identified
and optimized for most consistent response.

Significant differences in performance of the MOSFET sensors were
also observed to be related to differences in the packages and/or packaging
procedures of Siltronics and Pantronics. The sensors packaged at Siltronics
showed more consistent behaviour and less total drift in reading following
irradiation, although the Pantronics-packaged sensors frequently gave very
constant readings for several days after irradiation.

The general upward post-irradiation drift in readings, which is
independent of the post-irradiation bias, indicates the removal of trapped
negative charge rather than the relocation of trapped positive charge. This
reading drift appears to be related to the presence of hydrogen which
presumably diffuses into the oxide layer.

The reductior. in response to photons of energy 100 to 200 keV, which
results from potting the sensor chip, strongly suggests that much improved
energy response can be obtained by using a package without any high-Z
materials near the sensitive volume of the MOSFET.

While the high dose-rate response appears to be 2lleviated by using
a capacitor to help maintain the gate bias, further investigation of this
problem is required using the final dosimeter package.
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