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ABSTRACT 

On-chip p-FETs were developed t o  moni tor  the  
r a d i a t i o n  dose o f  n-wel l  CMOS ICs by 
mon i to r ing  th resho ld  vo l tage s h i f t s  due t o  
r a d i a t i o n  induced ox ide  and i n t e r f a c e  charge. 
The des ign employs c losed geometry FETs and a 
zero-b i  ased n-we1 1 t o  e l  i m i  nate 1 eakage 
cur ren ts .  The FETs are  operated us ing a 
constant  c u r r e n t  chosen t o  g r e a t l y  reduce the  
FET's temperature s e n s i t i v i t y .  The dose 
s e n s i t i v i t y  o f  these p-FETs i s  about -2.6 
mV/krad(Si) and the  o f f - c h i p  inst rumentat ion 
reso lves  about 400 r a d ( S i ) / b i t .  When 
operated w i t h  a c u r r e n t  a t  t h e  temperature- 
independent po in t ,  i t  was discovered t h a t  the  
p r e - i r r a d i a t i o n  ou tpu t  vo l tage i s  about -1.5 
V which depends o n l y  on design-independent 
s i l i c o n  m a t e r i a l  parameters. The temperature 
s e n s i t i v i t y  i s  l e s s  than 63 pV/'C over a 70°C 
temperature range centered about the 
temperature i n s e n s i t i v e  p o i n t .  

Th is  appears t o  be the  f i r s t  t ime a p-FET 
dosimeter was f a b r i c a t e d  i n  a f i n e - l i n e ,  
th in -ox ide  semi conductor technology. 

The p-FET i s  b iased t o  about -1.5 V dur ing  
measurement and i s  unbiased when n o t  be ing 
measured. Th is  approach t o  b i a s i n g  i s  
intended t o  p rov ide  a known b i a s  environment 
a t  a l l  t imes. I n  c e r t a i n  app l i ca t ions ,  t h e  
avai 1 ab i  1 i t y  o f  spacecra f t  power i s 
unpredi c t a b l  e. Thus, be ing unbiased d u r i  ng 
i r r a d i a t i o n  prov ides a known b i a s  scenario. 

On-chip dos imetry  prov ides t h e  advantage t h a t  
the  dose i s  measured d i r e c t l y  nex t  t o  the  I C .  
Th is  reduces t h e  u n c e r t a i n t y  inherent  i n  
dosimetry c a l c u l a t i o n s  which are  complicated 
e s p e c i a l l y  f o r  h i g h l y  sh ie lded e l e c t r o n i c s .  

1. INTRODUCTION 

The use o f  FETs ( F i e l d - E f f e c t  Trans is to rs )  as 
dosimeters was pioneered by Holmes-Siedle 
[l] . A number o f  these devices have f lown on 
e a r t h  bound s a t e l l i t e s  [2 - 41. 

I n  recent  years, p-FET dosimeters have been 
developed w i t h  specia l ly -grown th ick -ga te  
oxides which have a l a r g e  number o f  ox ide 
t raps.  S e n s i t i v i t i e s  o f  >10 mV/rad(Si) [5] 
have been achieved. The s e n s i t i v i t y  t o  
r a d i a t i o n  can be enhanced by apply ing a l a r g e  
p o s i t i v e  b i a s  dur ing  r a d i a t i o n  which forces 
more o f  t h e  p o s i t i v e  ox ide  charge t o  the  
i n t e r f a c e .  The s e n s i t i v i t y  t o  temperature 
can be min imized by opera t ing  the  p-FET w i t h  
a c u r r e n t  a t  the  temperature-independent 
p o i n t  [6, 71. F igure 1. STRV-RADMON c h i p  2.6 mm x 2.7 mm. 

I n  t h i s  work, a p-FET dosimeter i s  developed 

u s e f u l  i n  p r e d i c t i n g  the  r a d i a t i o n  dose o f  an 
I C  f a b r i c a t e d  w i t h  a non- rad ia t ion  hardened The RADMON, shown i n  F ig .  1, conta ins  two p- 
1.2-pm CMOS process. As shown i n  F ig .  1, t w o  FETs. The geometry o f  p-FET4 i s  W/L = 182/4 
p-FETs were f a b r i c a t e d  on the  RADMON pm/pm and p-FET8 i s  W/L = 182/8 pm/pm where W 
(Radiat ion Mon i to r ) ,  which a lso  inc ludes an and L are  t h e  channel w i d t h  and length,  
SEU-SRAM f o r  moni t o r i  ng p a r t i  c l  e upsets. respec t ive ly .  The l a y o u t  o f  t h e  p-FET, shown 

under t h e  c o n s t r a i n t  t h a t  the  dosimeter be 2. p-FET DESIGN 
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i n  Fig. 2, f ea tu res  a c losed geometry design 
where the  d r a i n  completely surrounds the  
source. The closed geometry e l im ina tes  the  
b i  r d ’ s  beak o r  channel -edge leakage 
encountered i n  a l i n e a r  FET. 

The schematic cross sec t i on  o f  t he  device, 
shown i n  Fig. 3, i n d i c a t e s  t h a t  the n-well  
and source are separated so they can operate 
a t  s l i g h t l y  d i f f e r e n t  biases requ i red  by the 
operat ional  a m p l i f i e r ,  U1. Th is  a l lows a l l  
t h e  fo rced  cu r ren t  t o  f l o w  through the  p-FET 
channel. Dra in- to-wel l  leakage i s  shunted t o  
ground. Grounding the  n-wel l  i s  a departure 
f rom normal CMOS c i r c u i t  operat ion where the 
n-wel l  i s  normal ly  connected t o  VDD. 

GATE/DRAfN 

/ 

I’ 
P4IIZC16.RX SOURCE 

Figure 2. p-FET, MP4, l ayou t  where the gate 
l eng th  i s  L = 4 pm and width i s  W = 182 pm. 

I I  1 I p-BODY 

V 

SW333lJ.RT 

Figure 3. p-FET t o t a l  dose c i r c u i t r y .  

I n  operat ion,  a l l  t e rm ina ls  o f  t he  p-FET are 
operated near ground except t h e  d r a i n  which 
operates near VO = -1.5 V. Dur ing 
i r r a d i a t i o n ,  t he  dev ice i s  biased i n  t h e  o f f  
s ta te .  The two RL r e s i s t o r s  are used t o  
bleed o f f  any charge remaining on t h e  p-FET. 
The ins t rumen ta t i on  i s  c a l i b r a t e d  by 
p o s i t i o n i n g  the  swi tch t o  CAL shown i n  Fig. 
3. This replaces t h e  p-FET w i t h  c a l i b r a t i o n  
r e s i s t o r  RC. 

The p-FET constant d r a i n  cu r ren t ,  ID ,  i s  
estab l ished by VR and R I  o r  I D  = VR/RI .  The 
output  o f  a m p l i f i e r  U 1  i s  sca led by U2 so 
t h a t  i t  makes maximum use o f  t h e  range o f  the 
8 - b i t  ADC (Ana log - to -D ig i ta l  Converter) .  As 
seen i n  Fig. 3, t he  gate i s  connected t o  the 
dra in .  This insures t h a t  t h e  p-FET i s  
operated i n  sa tu ra t i on .  

3. p-FET MODEL EQUATIONS 

I n  s a t u r a t i o n  the p-FET d r a i n  c u r r e n t  [7] i s :  

6 (-VO + VT)? 
(1) I D  = - e  

2 1 t e(-vo + VT) 

where VO i s  t he  p-FET ou tpu t  vo l tage,  0 = 
KP*We/L , KP = p*Co and VT i s  t h e  p-FET 
threshoyd vol tage. We = W - AW and Le = L - 
AL are the  e f f e c t i v e  channel w id th  and 
length, respec t i ve l y ,  p i s  t h e  z e r o - f i e l d  
channel m o b i l i t y ,  CO i s  the gate oxide 
capacitance per  u n i t  area, and 8 i s  the 
mobi 1 i ty  e l  e c t r i  c - f i e 1  d degradat ion 
parameter. 

The above equat ion was s i m p l i f i e d  by t a k i n g  
i t s  square r o o t .  Then the  8 term was 
1 i nea r i zed  us ing Tay lo r  Ser ies expansion: 

e 
(2) dTD = m ( - V O  + VT) [ l  - -(-VO + VT)] 

2 
Expressions f o r  t h e  temperature and dose 
dependence o f  VT, 0, and 0 are g iven below. 
The equat ions are expanded about the 
reference temperature To. I n  these 
equations, the temperature and dose e f f e c t s  
are assumed t o  be independent. That i s ,  the 
equations do no t  i nc lude  a dose-temperature 
product term. 

The threshold vo l tage i s  descr ibed by: 

(3) VT = VTo + VTT(T - To) + VTD-D 

where D i s  t he  dose, VTo i s  t he  th resho ld  
vo l tage a t  To and D = 0, VTT = ~VT/BTIT,T 
and VTD = BVT/BDID+ . The temperature [77 
and dose dependence b] of 0 i s  g i ven  by: 



1444 

(4) 

where 0, i s  8 evaluated a t  To and D = 0, OD = 
aI3/aDl~+o, n character izes the  m o b i l i t y  
temperature dependence, and T i s  t he  absolute 
temperature. For DT = BD/BT = 0: 

(5) 

The temperature and dose dependence o f  8 i s  
g iven by: 

B = Bo(T/T0)-" + OD'D 

BT = a8/aT = -n*B/T 

(6) 8 = 8, + 8T.(T - To) + 8D.D 

where Bo i s  8 evaluated a t  To and D = 0, 8 1  = 
ae/aTlT+To and 8D a8/aDlD+o. 

4. P-FET TEMPERATURE EQUATIONS (INCLUDING e) 
I n  t h i s  sec t i on  the  p-FET equations are 
de r i ved  i n c l u d i n g  the  8 parameter. This 
a l lows an accurate ana lys i s  a t  the operat ing 
o r  me as u remen t temperature , Tm . This 
temperature i s  u s u a l l y  d i f f e r e n t  from the 
reference temperature, To. The measurement 
temperature, Tm, might be the  mean spacecraf t  
operat ing temperature. 

The p-FET output  vo l tage  fo l l ows  from Eq. 2. 
The s o l u t i o n  requ i res  s o l v i n g  the  equat ion 
which i s  quadra t i c  i n  YO: 

The s i g n  o f  t h e  square r o o t  i s  negat ive which 
can be v e r i f i e d  by eva lua t i ng  t h i s  equat ion 
i n  the  l i m i t  8 + 0. The value o f  VO a t  T, i s  
ca l cu la ted  from: 

1 
(7a) VO, = VT, - - - (1 - d l  - 8,.d[8.1Dm/B,& 

Om 

The cu r ren t ,  ID,, a t  the measurement 
temperature i s  found from the above equat ion 
by s e t t i n g  aVO/aTIT+Tm = 0 and s o l v i n g  the 
r e s u l t i n g  quadra t i c  equat ion f o r  ID,: 

A 
2 (8) a = + - - C k E - f l l  + B. ( -C  + A/4)] 

where 

(9) A = a2b/d2 
(10) B = b 
(11) C = c /d  
(12) E = a/d 
(13) 

(15) c = Cl 'lem 
(16) d = -'E(20T/em) - (n/Tm)IN(2&,) 

The s i g n  o f  the square r o o t  i n  Eq. 8 i s  
p o s i t i v e  f o r  8 > 0 and negat ive f o r  8 < 0. 

a = VTT + 8 ~ / 0  
(14) b = -8 *448/Bmy 

5. P-FET TEMPERATURE EQUATIONS (e = 0) 

The equat ions de r i ved  i n  Sect ion 4, i nc lude  
the 8 parameter. Since 8 i s  small ,  i t  i s  
neglected i n  t h i s  sec t i on  t o  ga in  phys ica l  
i n s i g h t  i n t o  the  meaning o f  t he  equations. 

The p-FET I V  c h a r a c t e r i s t i c s  are p l o t t e d  i n  
Fig. 4 us ing Eqs. 1, 3, and 4 f o r  D = 0 and 
the parameters [7] l i s t e d  i n  the F ig.  4. 
This f i g u r e  shows t h a t  t he  so c a l l e d  
"temperature independent" p o i n t  i s  i n  f a c t  
i l l - d e f i n e d  when viewed i n  d e t a i l .  

I n  t h i s  analys is ,  t h e  most impor tant  p-FE1 
parameter i s  VO. I t s  temperature dependence 
i s  analyzed by expressing Eq. 2 as fo l l ows :  

(17) 

The VO i s  ca l cu la ted  f o r  D = 0 us ing Eqs. 3 
and 4 and p l o t t e d  i n  Fig. 5. These curves 
show t h a t  t he re  i s  a p o i n t  a t  which VO i s  
independent o f  temperature. This  p o i n t  i s  
determined by d i f f e r e n t i a t i n g  Eq. 17 w i t h  
respect t o  temperature and s e t t i n g  the  r e s u l t  
t o  zero. This  leads t o  the  s imple expression 
f o r  the measurement cu r ren t :  

VO = VT - 4 m  

(18) ID, = 2Cm3(-VT~/B~m)2 

The value f o r  ID,,, = 19.2 pA was ca l cu la ted  
using the  parameters shown i n  Fig. 5. The 
f i v e  curves were p l o t t e d  w i t h  I D  values t h a t  
vary by one percent.  Th is  shows the  e f f e c t  
o f  missing the  t a r g e t  c u r r e n t  o f  IDm. As 
seen i n  the f i g u r e ,  t he  peak i n  t h e  curve 
moves t o  h igher  temperatures as I D  increases. 
The value o f  VO changes by 0.25 percent f o r  a 
one percent change i n  I D .  

The temperature s e n s i t i v i t y  o f  VO can be 
expressed s imply  by combining Eqs. 4, 5, 17, 
and 18 which leads to :  

(19) VOT = aVO/aT = V T l [ l  - (Tm/T)1-n'2] 

This shows t h a t  VOT = 0 a t  T = T, f o r  any n 
o r  VOT = 0 f o r  n = 2 f o r  a l l  T. 

The e f f e c t  o f  temperature v a r i a t i o n s  on VO 
i s  analyzed w i t h  the he lp  o f  t h e  hor izontaT 
l i n e  shown i n  F ig .  5. Th is  l i n e  i s  1 mV 
below the t a r g e t  value o f  VO, = -1.5 V. The 
value o f  1 mV was chosen because i t  i s  the 
same magnitude as the  dose e f f e c t s  t o  be 
measured. The VOT = -63 pV/"C a t  p o i n t  "a" 
and 63 pV/"C a t  p o i n t  "c "  seen i n  F ig .  5. 
The temperature range between 'la" and "c"  i s  
more than 70°C. This means t h a t  VOT i s  l ess  
than 263 pV/"C over the  70°C temperature 
range centered a t  t he  measurement 
temperature, 1,. This  i s  a s i g n i f i c a n t  
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i mp rovemen t i n t he  uncompensated temperature 
s e n s i t i v i t y  o f  VTT = 2 mV/"C used i n  
c a l c u l a t i n g  Figs. 4 - 6. 

The s o l u t i o n  f o r  n = 2 means t h a t  t he  curves 
shown i n  Fig. 5 have zero slope. For t h i s  
case, t he  p-FET I V  c h a r a c t e r i s t i c s  d i s p l a y  a 
t r u e  temperature i n s e n s i t i v e  p o i n t  as shown 
i n  Fig. 6. 

1.4 1.5 1.6 
OUTPUT VOLTAGE, (VO( (V) SSlOWWG 

Figure 4. Expanded p-FET I V  c h a r a c t e r i s t i c s  
showing t h a t  t he  "temperature independent" 
p o i n t  i s  no t  a po in t .  Note n f 2. 
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Figure 5. The temperature and cu r ren t  
dependence o f  t he  p-FET output  vo l tage us ing 
Eq. 17. 

Next, ID, i s  analyzed f o r  design purposes by 
s u b s t i t u t i n g  Bm = KPmWe/Le i n t o  Eq. 18; t h i s  
leads to :  

(20) ID, = 2KPm(VTT.Tm/n)2We/Le 

measurement temperature, T,, and the  FET 
geometry. Thus, once the  s i  1 i can parameters 
and T, are known, the  designer i s  f r e e  t o  
choose ID, by a d j u s t i n g  W and/or L. 

F i n a l l y ,  VO i s  analyzed f o r  design purposes 
by s u b s t i t u t i n g  Eqs. 5 and 18 i n t o  Eq. 17: 

(21) YO, = VT, - 2VTT*Tm/n 

This  equat ion shows t h a t  VO, depends on the 
s i l i c o n  parameters, VT,, VTT, and n and the 
measurement temperature, T,. Note t h a t  VOm 
i s  independent o f  FET W/L geometry. Thus the 
designer has no con t ro l  over thisr value. I n  
t h i s  study, the value f o r  VO, i s  about -1.5 
V. With i r r a d i a t i o n ,  VO, becomes more 
negat ive.  The i n i t i a l  VOm value i s  
important f rom an ins t rumen ta t i on  stand 
point .  Since the  ADC shown i n  F ig .  3 has an 
i n p u t  vo l tage range between 0 t o  5 V, the 
p r e - r a d i a t i o n  va lue f o r  VZ i n  Fig. 3 i s  s e t  
t o  zero v o l t s  by compensating VOm by s e t t i n g  
RO = -RA.VR/VOm. 

1.2 1.3 1.4 

Figure 6. Expanded p-FET I V  c h a r a c t e r i s t i c s  
showing a t r u e  temperature independent p o i n t  
f o r  n = 2. 

waoz1m OUTPUT VOLTAGE, IVO( (V) 

6. p-FET TEMPERATURE DATA ANALYSIS 

The p-FETs were measured i n  packages i n  an 
oven us ing an hp4062 parametr ic  t e s t  system. 
The temperatures are est imated t o  be accurate 
t o  w i t h i n  *lac. The measurements were 
obtained by f o r c i n g  VO = 2 V and measuring 
IDS.  Then f o u r  a d d i t i o n a l  cu r ren ts  were 
forced a t  dID1 = O.Z.dID5, dID2 = 0.4.dID5, 
'JID3 = 0 . 6 4 D 5 ,  and dID4 = 0.8-dID5. Once 
these values are determined, they are used 
throughout the r e s t  o f  t he  measurements. 

This  equat ion shows t h a t  ID, depends on the The experimental data, shown i n  F ig .  7, was 
s i l i c o n  parameters, KP,, VTT, and n, the f i t t e d  us ing the  method o f  l e a s t  squares. In  
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the  analys is ,  t h e  f o l l o w i n g  pa rabo l i c  
equat ion was used. The c o e f f i c i e n t s  o f  the 
equat ion were r e l a t e d  t o  the  parameters i n  
Eq. 2: 

(22) 

where 
(23) 
(24) 
(25) a2 = -d(B/2).8/2. 

The 'la'' parameters are used t o  ob ta in  VT, 0, 
and 0 f o r  each I V  curve. The VT s o l u t i o n  was 
obtained by s e t t i n g  VO = VT a t  I D  = 0. This 
leads t o  a quadrat ic  equat ion whose s o l u t i o n  
i s :  

= a0 + al.VO + a2.VO2 

a0 = d(8/2) .VT. (1 - 8*VT/2) 
a1  = - d ( 8 / 2 ) - ( 1  - 8.VT) 

The s i g n  o f  t he  square r o o t  i s  p o s i t i v e .  
This  can be v e r i f i e d  by s e t t i n g  8 = 0 o r  a2 = 
0. The s o l u t i o n  f o r  0 i s :  

(27) 

The s o l u t i o n  f o r  8 i s :  

0 = 2 ( a l  + 2 a 2 ~ V T ) ~  

(28) 

The I V  po in ts ,  shown i n  Fig.  7 ,  were f i t t e d  
us ing the  above procedure. The 8, VT, and 8 
values are l i s t e d  i n  Table 1 f o r  three 
temperatures . 

8 = 2a2 / (a l  + 2a2.VT) 

0.6 0.8 1 1.2 1.4 1.6 1.8 2 
lmfn15nc WTPU UTm, /q (v) 

Figure 7. 1.2-pm CMOS p-FET I V  temperature 
response f o r  f l i g h t  c h i p  number W12P4C26. 

The temperature parameters f o r  VT and 8 were 
ex t rac ted  by l e a s t  squares f i t t i n g  the  data 
l i s t e d  i n  Table 1 by us ing Eqs. 3 and 6. The 
temperature parameter f o r  6 was ex t rac ted  
us ing Eq. 4 a f t e r  i t  was l i n e a r i z e d  by tak ing  

the logar i thm.  The temperature parameters 
are l i s t e d  i n  Table 2. 

Values f o r  ID, and VO, were c a l c u l a t e d  us ing 
Eqs. 7a and 8 and the  parameters l i s t e d  i n  
Table 2. The r e s u l t s  are l i s t e d  i n  Table 2 
and p l o t t e d  as t h e  v e r t i c a l  and h o r i z o n t a l  
l i n e s  i n  F ig .  7. 

Table 1. F1 i g h t  p-FET4 Parameters (W12P4C26) 
1 

8 1  VT 8 T 
"C  V mA/V2 1 / V  I 
30 -0.874 1.100 0.056 1 

125 -0.703 0.708 0.027 I 75 -0.800 0.891 0.041 

Table 2. F l i g h t  p-FET4 Parameters 
(To = 300 K,  T, = 10°C, W12P4C26) 

PARAM UNITS 

nm 
um 
um 
um 
V 
mV/"C 
mA/V2 
pA/V2 

( P A / ~ ~ )  / "C  
1/v 
( l /kV)/"C 

-- 

MEAN STDEV 

21.8* 
182 
4 
0.3459* 

1.8002*0.0800 
1.1240*0.0110 

24.7041'0.2423 
1.6140*0.0528 

0.0571+0.0013 

-0.8821*0.0051 

-6.0471 

-0.3153*0.0210 

-0.9125 
1.2339 
0.0624 

-6.6384 

244.2 
-1.554 

* MOSIS supp l i ed  parameter. 

7. p-FET DOSE DATA ANALYSIS 

The p-FET dose dependence was determined 
us ing Cobalt-60 i r r a d i a t i o n .  The devices 
were i r r a d i a t e d  w i t h  t h e i r  l i d s  on, a t  room 
temperature, a t  1 rad/sec, and a t  zero b ias.  
The p-FETs were measured a t  room temperature 
w i t h i n  15 minutes a f t e r  t he  Cobal t -60 
i r r a d i a t i o n .  The p-FET were a l so  annealed a t  
room temperature f o r  t imes measured a f t e r  the 
f i n a l  i r r a d i a t i o n .  
The p-FET i r r a d i a t i o n  r e s u l t s ,  shown i n  Fig.  
8, were f i t t e d  us ing Eq. 22. This  produced a 
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mV/krad ( S i  ) 
pA/V2/krad(Si) 
pA/V2/ k rad  ( S i  ) 
1/ kV/ k rad  ( S i  ) 
mV/krad ( S i )  

se t  o f  VT, 0, and 8 values f o r  each dose 
value. These values are p l o t t e d  i n  Figs. 9 
t o  11 f o r  f o u r  p-FETs. The r a d i a t i o n  r e s u l t s  
are l i s t e d  i n  Table 3 f o r  one o f  the  p-FETs. 

The VT values, p l o t t e d  i n  Fig.  9, show a h igh  
degree o f  l i n e a r i t y  du r ing  i r r a d i a t i o n  and a 
s l i g h t  recovery w i t h  anneal. The group 
average s lope o f  the  VT vs dose curve dur ing  

mV/krad(Si). The s h i f t  i n  VT w i t h  r a d i a t i o n  
i s  cons i s ten t  w i t h  the  b u i l d  up o f  p o s i t i v e  
ox ide charge and i n t e r f a c e  s ta tes .  The 
s l i g h t  recovery o f  VT du r ing  room temperature 
anneal i s  cons i s ten t  w i t h  the  s l i g h t  l oss  o f  
ox ide charge. The i n t e r f a c e  s t a t e  densi ty  
i s  s t a b l e  as seen by the  f l a t  response o f  the  
mobi 1 i t y  du r ing  anneal . 
The B values were converted t o  z e r o - f i e l d  
ho le  channel mobi 1 i t y  using: 

i r r a d i a t i o n  i s  VTD = -1.698+0.038 

(29) p = (L - AL)*B/(W*Co) 

I n  t h i s  ana lys is ,  the  value f o r  CO was 
ca l cu la ted  us ing  the  MOSIS  suppl ied value f o r  
t he  gate-oxide thickness, Xo = 21.8 nm. 

-1.674'0 .004 
I -3.585'0.164 

-0.079'0.004 
- 1.184'0. 018 
-2.591+0.018 

Table 3. Ground Test p-FET Cobalt-60 
Radiat ion Parameters f o r  Chip Number W12P4CO5 

f 
VoDm 

.._.... 

0.8 1 12 1.4 1.6 1.8 2 2.2 2.4 

pw63111#c w" lvol CJ) 

F igure  8. 1.2-pm CMOS p-FET I V  dose/anneal 
response f o r  ch ip  number W12P4CO5. 

Figure 9. Four 1.2-pm CMOS p-FET threshold 
vo l tage dose/anneal responses. 

150 k - w12pm 

\ - w08PC85 

Figure 10. Four 1.2-pm CMOS p-FET 
mobi 1 i ty  dose/anneal responses. 

0.06 - W12P4afi 
0.M 

+ WO8P4C85 

c 0.02 * wolPBCO9 
c v - WllP8C28 
$ 0  

-0.02 

-0.04 

ho le  

Figure 11. Four 1.2-pm CMOS p-FET the ta  
dose/anneal responses. 
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The data, shown i n  F igure 10, are c lus te red  
accord ing t o  t h e  p-FET's W/L r a t i o s .  This  
r a t i o  i s  des ignated by t h e  "P"  number g iven 
i n  the  wafer  number l i s t e d  i n  the  f i g u r e .  
That i s ,  f o r  P4 the  r a t i o  i s  W/L = 182/4 
pm/pm and f o r  P8 t h e  r a t i o  i s  W/L = 182/8 
pm/pm. This  dependence on the  W/L r a t i o  does 
no t  a f f e c t  the  ou tpu t  voltage, f o r  VO i s  
geometry independent as seen i n  Eq. 21. 

As seen i n  t h e  Fig. 10, p i s  s t a b l e  a f t e r  
annealing. The b u i l d  up o f  p o s i t i v e l y  
charged i n t e r f a c e  s t a t e s  dur ing  i r r a d i a t i o n  
degrades t h e  m o b i l i t y  due t o  the  increase i n  
channel s c a t t e r i n g  centers  [9]. Since the  
m o b i l i t y  does n o t  anneal a t  room temperature, 
t h e  i n t e r f a c e  s t a t e  d e n s i t y  i s  s tab le.  

The 8 values, shown i n  Fig. 11, are  c lus te red  
accord ing t o  t h e  p-FET W/L r a t i o s .  The 
c h a r a c t e r i s t i c s  show no annealing, which 
i n d i c a t e s  t h a t  t h e  i n t e r f a c e  s t a t e  dens i ty  i s  
stab1 e d u r i  ng anneal i ng . 
The 8 parameter represents  the  curva ture  term 
f o r  the  p a r a b o l i c  equat ion g iven i n  Eq. 2. 
The curva ture  i s  d i f f i c u l t  t o  see i n  Fig. 8 
because 8 i s  very small .  As seen i n  Fig. 11, 
t h e  maximum value f o r  8 i s  0.06 1 / V .  The 
i n f l u e n c e  o f  8 i n  Eq. 2 i s  less  than 3 
percent  because i t  enters  as 8/2. This  small 
va lue f o r  8 j u s t i f i e s  the  use o f  t h e  Taylor  
Ser ies expansion i n  s i m p l i f y i n g  Eq. 2. 

As shown i n  F ig .  11, 8 i s  p o s i t i v e  a t  low 
dose and negat ive a f t e r  h igh  dose and anneal. 
The s i g n  o f  8 i n d i c a t e s  the  d i r e c t i o n  o f  the  
dID vs VO parabola g iven by Eq. 2. Th is  
p o i n t  i s  i l l u s t r a t e d  i n  Fig. 12. For 8 > 0 
the  parabola p o i n t s  down and f o r  8 c 0 the  
parabola p o i n t s  up. For 8 = 0, t h e  dID vs VO 
r e l a t i o n s h i p  i s  a s t r a i g h t  l i n e .  

0.08 1 I I 

hr 

-10 -5 0 5 10 
W~ILLC OllTPUT WXTAGE, W (V) 

Figure 12. P l o t  o f  Eq. 2 f o r  d i f f e r e n t  8 
Val ues. 

8. DOSIMETRY 

The device dose s e n s i t i v i t y  i s  der ived  i n  
t h i s  sect ion.  Since t h e  dose i s  measured a t  
the  constant cur ren t ,  IDm, t h e  r a d i a t i o n  dose 
s e n s i t i v i t y  o f  VO i s  g r e a t e r  than VTD. This  
i s  ev ident  i n  Fig. 8 where t h e  spread i n  the  
curves i s  wider  a t  I D  = ID, than a t  I D  = 0 
due t o  t h e  dose dependence o f  t h e  m o b i l i t y .  

I n  t h i s  s e c t i o n  t h e  ou tpu t -vo l  tage dose 
s e n s i t i v i t y ,  VOD, f o r  €I = 0 i s  c a l c u l a t e d  by 
d i f f e r e n t i a t i n g  Eq. 17 w i t h  respec t  t o  dose 
a t  I D  = ID,,,. Then ID,, g iven  i n  Eq. 18, i s  
s u b s t i t u t e d  i n t o  t h e  r e s u l t .  The ou tpu t -  
vo l tage dose s e n s i t i v i t y  i s :  

(30) VODm = dVO/dD\Tm E VTD - VTT'OD/CTm 

A value f o r  V O D ~  = -2.59 mV/krad(Si) was 
ca lcu la ted  us ing  t h e  values l i s t e d  i n  Tables 
2 and 3. This  r e s u l t  i s  cons iderab ly  l a r g e r  
than VTD = -1.67 mV/krad(Si).  

The output  vo l tage f o r  t h e  f o u r  p-FET samples 
i s  shown i n  Fig. 13. Th is  p l o t  was obta ined 
from data se ts  l i k e  those shown i n  F ig .  8 
where the  VO values were obta ined a t  IDm. 
The data shows a n e a r l y  l i n e a r  r i s e  i n  VO 
w i t h  dose and a s l i g h t  anneal ing e f f e c t .  

w v - t  
1.7 

Figure 13. Four 1.2-pm CMOS p-FET output  
vo l tage dose/anneal responses determined a t  
the current ,  IDm. 

The s i m i l a r i t y  o f  t h e  da ta  i s  remarkable 
consider ing t h e  p-FET samples came from 
d i f f e r e n t  wafers f rom t h e  same run.  This  
means t h a t  the  sample s e t  can be assumed t o  
be un i fo rm and t h a t  t h e  r e s u l t s  can be used 
t o  c a l i b r a t e  t h e  f l i g h t  p a r t s  which, o f  
course, can n o t  be i r r a d i a t e d  on t h e  ground. 
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For t h e  c i r c u i t r y  shown i n  Fig. 3, which uses 
an 8 - b i t  ADC t o  span 100 krad(Si ) ,  t h e  
r e s o l u t i o n  i s  100k/256 = 390 r a d ( S i ) / b i t .  
Th is  means t h a t  t h e  p-FET dosimeter can 
e a s i l y  reso lve  a dose o f  1 krad(Si ) .  

9. CONCLUSION 

The use o f  on-chip p-FET dosimeters has been 
es tab l i shed and prov ides a r a d i a t i o n  
s e n s i t i v i t y  o f  -2.6 mV/krad(Si) f o r  the 1.2- 
pm CMOS used i n  t h i s  study. The temperature 
dependence i s  l e s s  than +-63 pV/"C over  a 
temperature range o f  70°C centered about the  
p-FET temperature independent p o i n t .  A t  t h i s  
p o i n t ,  t h e  p r e - i r r a d i a t i o n  output  vo l tage was 
determined t o  be about -1.5 V and t h i s  value 
i s  design independent. The use o f  on-chip p- 
FETs prov ides a d i r e c t  measure o f  the  
r a d i a t i o n  dose experienced by t h e  associated 
CMOS I C .  
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