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Radiation effects in MOSFETs

—
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During irradiation: Accumulation | Gate
g charge %TGB@@@
. . %&\ TT T
" |onizing radiation produces electron-hole - Co
pairs. A N A
" Electric field in the oxide separates the pairs. \—/__f ~ Bulk
. o T Gat
" Holes drift to Si-SiO2 interface sEmE
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near interface LE g
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Radiation effects in MOSFETs

Radiation effects in I-V: __ B _py °
I, = 7 QVGS Vz) o ﬁL 3

= Holes in the oxide shield the electric — p

field l

B

= If |Vgs| > | V.|, interface traps are empty, AV, [>0

then positive charge ‘ AB t 0

<

= Channel carries’ mobility is reduced due
to charges at the interface traps
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Radiation effects in MOSFETs

The lateral pMOS 3N163 of
Vishay-Siliconix (USA):

= Nickel encapsulation S

= Semicondcutor analyzer, %

the HP-4145B

= Average sensitivity:
~30mV/Gy
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MOSFET dosimeter: Read out configuration

Constant drain current measurement of V,

" V.,=0=>saturation region:

]D:_ngGS_I/t )2 @ I

If frecte =AVos AV N
g cmmy AVs =AY oVs

/

* (3 parameter reduction diminishes the ‘

linear range
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MOSFET dosimeter: Read out configuration

The most common thermal compensation techniques (1):
= Using |7 (Zero Temperature Coefficient)

/N Voo ,B

‘ZD‘

Voo =
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Linear range improvement: two current method

" Theoretical model Single MOSFET with V=0
( |
IB I/tposﬂ — I/Spost _ ﬂszO .
2 21
1=V = v = = &%=A%—@[J
thl"e :‘VSpl"e_ 2{6
\ B
For two currents, we can write:
1 1))
AV =AV, - 21| — — AV.. — AV
S1 1( ﬂpost \/;] AI/t :AVSl + S2 S1

1 1
AV, =AVg, =21, | — ”
=¥ 20 g e |

- b
]1
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Linear range improvement: two current method

= Experimental validation: Dose measurements

500
400
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J 300
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(@)1.02 Dose (Gy)
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:E; 098} I7rc Two Ip
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S oon| —© SenVs(zx) S,
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Thermal compensation: 3 currents method
= Theoretical model

AV (T)= AV +a,AT

Linear thermal model: .
AV, (T)=AVg, +a,AT

AV(T)=AV +a,, AT }

AV, — AV, ; 0
AV, =AVg+—2 i AK:AVS%-I-OZIAT-I—AVSZ—'_O@AT AVg —a AT =
2 [2
- |2 A
I, I
AVE — AV _ B
= AV = AV + Vsa = AV | a+ "N & ay ma+ TS :> o |1 e
1 1 1, 4 7
-7 = e 7TC
I, | h /
T ]1=[ZTC:>a1=O

L=I=a =«
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Thermal compensation: 3 currents method

= Theoretical model

AV Thermal compensated

AV = AV +a, AT \

= AV, —AV. AVE — AV —a, AT
AVSC ZAVSOC-FCZzAT} S1 SC ( S1 SC) ( 2)

|
a7 AVs — AT

Without radiation: AVSO1 ~ AVSOC 41~ % ) =
)

AV — AV /
= Alamaar S(i“c . |[:> AVg) = AV +(AVse —AVsy) (( j%c

a,

I/
a=a, (1 - J
IZTC

eucs*r 2nd WORKSHOP ELICSIR PROJECT, 9-10.03.2021

EF P
UNIVERSIDAD
DEGRANADA




Thermal compensation: 3 currents method

= Theoretical model

AV, — AV

A|Vt| thermal compensated AV, = AVg +—52 s1
-
]1

= Simplification Iy, = |1 AVS()l - AVSaZTC

Additional current, I, to calculate AV, = AV, +(AV,. — AV, )@_@

= Therefore: AVE — AV
AV;:AVS’ZTC + S2 S, ZTC

1-— 5

IZTC
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Thermal compensation: 3 currents method

= Experimental validation

Electrical and thermal
Characterization:

= |-V characteristics at different
temperatures

= Extracted by a B1500 Semiconductor
Analyser.

= Temperature controlled in a climate
chamber (VCL4006 Votsch)

= Lateral transistors:
= 3N163: Vishay Siliconix.
= 3N170: Linear Systems.

Y ErnyN AT ; \:\ \- \
MOSFETs Test PCB N

I TN ARy = RADFETs from Tyndall.
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Thermal compensation: 3 currents method

" Experimental validation

EF P
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Thermal compensation: 3 currents method

= Thermal model

3N163#1

2.0
$ 00 —
= :
E .
3 Al

2.0 g//: G —

= I;
a Q; = 0‘|Vt|[1_ IZ;C ] 10
-4.0 : w w

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
I,"2 (A2
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Thermal compensation: 3 currents method

= Saturation model, current limitations:
3N163#1 T =20°C

3.5E-02
Modulation
SOE02 channel effects
Vo, ppE.gp [ 700 P \
<€ 20E-02 -
ID g ﬂ 2
- || =20
o' — Experimental 2
’_( LR I — Theoretical
5OE-03 e )
- Weak inversion
0.0E+00 . r
Vas (V)
M A Carvajal et al Semicond. Sci. Technol. 29 (2014) 095017 ez %
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Thermal compensation: 3 currents method

" Experimental validation

3N170 #1
1.4E-02 7
7, 3N170-N#1 T=20°C
12E-02 F // 1.4E-01
// 12E-01  —Experimental Modulation
1.0E-02 7 — Theoretical channel
/ 1.08-01 § effects
_ BOE03 | 7, < 80E-02 |
: =
~ 6.0E-03 | -39.9°C 7, ~o 6.0E-02
N p
7/ 4.0E-02 | L=L,-f
4.0E-03 | 7 2 85.0 °C 2
' 2.0E-02
2.0E-03 & C\ 0.0E+00 Weak inversion
-39.9°C TRV 3 4 5
0.0E+00 - I . | . L
Vgs (V
{ 15 2 25 3 35 4 45 5 as (V)
Vps (V)
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Thermal compensation: 3 currents method

* Thermal model
3N170-N#1

200 pA 5 mA

0 0.04 0.08 0.12
I,"2 (A"2)
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Thermal compensation: 3 currents method

® Thermal model limitations

= Low currents mmp \Weak inversion.
= High currents == Modulation channel effects, self-heating.
= Ranges:

= 3N163: From 20 uA to 1000 vA

= 3N170: From 200 uA to 5 mA
= This model can be applied to any lateral MOSFET transistor

Transistor Parameter Average
oy (MV/K)  -2.74 £0.07
| (LA) 24317
oyt (mV/K) -3.92 +0.12
l,rc (MA) 2.031£0.06

3N163

3N170

e
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Thermal compensation: 3 currents method
" Application in RADFETs

15
10 RADFETs from Tyndall
Institute.
5 W/L = 300/50
o
S 0
E
B € Tyndall
-10 ‘,u”’— . 1um
400 nm
«100 nm
_15 | 1 1
0 0.002 0.004 0.006 0.008

1,72 (A12)
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Thermal compensation: 3 currents method

B Experimental validation: Dose measuremnts o |
I Reader Reader unit
unit Univ.Granada (6]
(9]
EEPROM UELIE] ;
memory W ] USB i
DAC :
12C MCU FT232
Sensor module
________ é“m““—:_\ LA, ADC -
E PIoS E ADC
i G[jEEEB JFET
| Rs | 555 ¢
. o | |
ﬂ JFET
i control

____________________________________________________

M.A. Carvajal et al. / Sensors and Actuators A 182 (2012) 146-152  pwwm %
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Thermal compensation: 3 currents method

" Experimental validation

15 AV
oy SLe70uv /°C
~t}.Q Z&]ﬁ
10 - oo
% 0 I =120 uA
< .5 -
-10 - 9 _J
© AVs 30 pA = AVs120pa ¢ AVscompensated .o AVs) = AV +(AVsc —AVSI)@ jjlc
0 —
-15 1y =-1.950x + 54.473 'y =-0.839x + 23.430 |y = -0.011x + 0.304 ’ : ¢
R%=0.996 R%=0.996 R%=0.127
_20 T T T
20 25 30 35
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Thermal compensation: 3 currents method

Accumulated A|V,|
(Dpre = 30 Gy)

1.4
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1.2 1 'R?=1.0000 R?=1.0000
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S 0.8 -
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<067 R2- 10000
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Thermal compensation: 3 currents method

" One current:

= To thermal compensation Iy=l,.. (traditional mode) or using the thermal
coefficient to carry out numerical compensation

" Two currents:

AV, —AV
= To increase the linear range use A‘Vz‘ =AVg + > &

= To thermal compensation (without using I,;.)

I, — |1
AV, = AVg) +(AVge — AV, h =l
S1 S1 ( SC Sl) \/Z_@
= Three currents:

= |ncreasing the linear range and thermal compensation

O —
AVO = AV (AV \/7 \/TYC AK:AVSZTC"‘AVsz AVS,ZTC
v > S2 \/7 xF ’ 1— ]2
]ZTC
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Thermal compensation in DMOS Transistors

= Thermal characterization

= 7ZVP3306 manufactured by Vishay-

Siliconix

Source  sio,

Gate

Source

—

j —

S-B contact Channel
N
P+ Source P+ Source '

eljcsir.
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N- Bulk N- Bulk i

P- £
Y v :

P+ i

l.-c was not found in the studied current range.

ZVP3306#3

2.0E-03

1.6E-03 ~

1.2E-03 +

1(A)

8.0E-04 -

4.0E-04 +

O-OE+00 1 T T T T T T
1.7 1.9 2.1 23 2.5 2.7 29 3.1 3.3

Vs (V)
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Thermal compensation in DMOS Transistors

= Thermal characterization

o (MV/°C)

ZVP3306#3 v
0.0 — ; DD
0 0.5 1.5 2
-0.5 I
D
-1.0
S Vs
15 g 0
ﬂ B
-2.0 E
D
25 §# _—
-3.0
35 | There is no current witha =0
-4.0

eljcsir.

lp (MA)

M.A. Carvajal et al. / Sensors and Actuators A 249 (2016) 249-255
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Thermal compensation in DMOS Transistors

= Thermal compensation using the parasitic diode
2.0E-03

diode
1.5E-03 area DMOS area

<&
< >

pMOS Diode
1.0E-03 -

5.0E-04 -

1 (A)

0.0E+00 ! ‘ ‘ ‘ ‘ ‘ ‘ | 1o Vv, o vy

5.0E:04 - _ _' | ' | :1. |

-1.0E-03 - —0 —10 20
—30 40 —50

-1.5E-03 -

-2.0E-03

Vs (V)
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Thermal compensation in DMOS Transistors

= Thermal coefficient

b) TH_1: #1411
3.0 - e ¢
7 I
i D
| 2.0
Ty . : 1 20 V
g) 1.0 B E E __{) S
S -600uA i 600uA 5
é 0 0 ! I | | l I \‘.: | | | ] \‘I | 15 Sg ZS
S -2 -1 § 0 i 1 2 2
L-10 i | |
S 5 : 1 10 L
2.0 k
-3.0 + =R Average linear thermal coefficient of
i set TH 1 (black dots; error bars make
4.0 ] ! 0 the line thicker) and relative error
' ks (ITIA) (grey line).
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Thermal compensation in DMOS Transistors

= Experimental validation: Thermal characterization

TH_1#1
3.05
Vs(600pA) -V.(-6001A) 1 -0.56
y = -3.018E-03x + 2.976E+00 !/ A 600 pA -600 pA
3.00 — - o’ 4 -0.58
_— R*=9.990E-01 |
0.60 |
5 2% | . D
Z 0.62 2 | |
>m >>. J' P VS I P VS= \Y)
2.90 0.64 1. v
0.66 - |
2.85 —
P y = 2.054E-03x - 6.723E-01 0.68 —+
al R? = 9.999E-01 = =
2.80 : ' - . ' : : -0.70
20 10 0 10 20 30 40 50 60
T (°C)

M.A. Carvajal et al. / Sensors and Actuators A 249 (2016) 249-255
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= Experimental validation: Thermal characterization

3050

3000

Vs (mV)
g g

2850

2800

Thermal compensation in DMOS Transistors

TH_1#1

50°C

y = 1.469x + 1988.4

R? = 0.9989

-10°C

0°C

550

e | ; c s * rr 2o ect

600

V, (mV)

650

700

Individual and global linear fit coefficients of the correlation between Vs and Vy for
the set of transistors TH-1.

TH-1 M b (mV) R?

#1 1.47 +0.02 1988+ 14 0.9989
#2 1.44+0.02 1970+ 14 0.9988
#3 1.45+0.02 1985+ 14 0.9989
£ 1.45+0.02 1998 +13 0.9990
#5 1.45+0.02 1998 + 14 0.9988
#6 1.46 +0.02 1996 + 14 0.9989
#7 1.44+0.02 2013x15 0.9986
#8 1.45+0.02 1964 + 14 0.9988
#9 1.46 +0.02 1997 + 14 0.9988
#10 1.47 +£0.02 1985+ 14 0.9989
#11 1.48 +0.02 1932+13 0.9991
Avg 1.46 +0.03 1984+ 14 -

= Correlation between AV(T) and AV, (T) was found

M.A. Carvajal et al. / Sensors and Actuators A 249 (2016) 249-255
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Thermal compensation in DMOS Transistors

= Experimental validation: Thermal characterization

TH 2 #1
3060 40
3040 r " y =0.0293x + 26.637
3020 + R%=0.1842 4 35
I 3000 + h / TH_2: Thermal coefficient, m (mV/°C) Reduction Factor
| ™ -
; 2980 r s - u . 30 S Uncompensated Compensated
é 2960 ."'" - . u 1 25 é #1 —-2.88+0.05 0.03+0.03 —-98
» 2940 , >"’ #2 —-2.71+0.06 0.17 +0.04 -16
- 2920 | ~a < #3 —-2.88+0.05 0.05+0.03 —62
‘ 120 #4 _2.8740.03 0.06 +0.02 _52
2900 # ng #5 ~2.85+0.04 0.04+0.03 ~79
2880 y =-2.875x + 3006 N 1 15 Average —2.84+0.05 0.07 +£0.03 —42
2860 | £600 pA R? =0.9987 %
2840 1 1 1 1 1 1 1 10
20  -10 0 10 20 30 40 50 60
T (°C)

M.A. Carvajal et al. / Sensors and Actuators A 249 (2016) 249-255
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Thermal compensation in DMOS Transistors

= Experimental validation: Dose measurements

e e e e s e e i i i

: Reader unit
| I\
!
|
_________________________ : MCU
i | I
| ZVP3306F i ; /
—o 8 .
| e | SP FT232
! :l | G-JFET S-D !
G [ I M I
i ‘JE}S i S pMOS : s USB
5 I
GJFETGD | 2 I ; |
| Lo D : Vyamp
_____ Sensor module _____ }
1
|
G-JFETS-D o : JFET
Sensor for bias mode operation G-JFETGD o control
e
GpMOS o—— — DCDC |
D pMOS : ! E Bias | converters and | —
| | : ! module voltage ?‘
| mmmmmmmmm e ' regulators

M.A. Carvajal et al. / Sensors and Actuators A 249 (2016) 249-255 {

elfCs{r o

2"d WORKSHOP ELICSIR PROJECT, 9-10.03.2021

i

e S —

UNIVERSIDAD
DEGRANADA



Thermal compensation in DMOS Transistors

VS Vs,amp ID i _________________________ i
\& \‘ \ / - i ZVP3306F . s
_ N B \— ol - " _“E}S :IF_J:‘E-\C{FETS-D
Measuring voltages i e ET "
- - — —— — S Sensor module _____
| \ Vgs-PMOS
. P I Biasing - I
T :
H N I AL
a4
LAY J L vererse [
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Thermal compensation in DMOS Transistors

" Dose measurements
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Thermal compensation in DMOS Transistors

= Dose measurements

200 -I
1 627.5
i ;f.-’v
150 : 77 1 627.0
Sensitivity of MOS transistors of the DOSE_1 set. j&‘}"""‘""’"; 1 6265
Dose (Gy) S (mV/Gy) /4 '
—_ : M’: <
#1 #2 #3 = 100 f A— 4 626.0 E
4 7.62+£0.12 7.88+0.13 8.06+0.20 é K =
4 8.00+0.09 8.28+0.12 7.80+0.12 2 é{f = 1| 6255 o
4 7.90+0.08 7.80+0.10 7.93+0,12 .
4 7.70i0.os 7.95;0.10 s.nio.n < ==
20 7.72+003 7.85+0.02 7.72+003 1 625.0
| 6245
0 1004 200 1 624.0
0 I 1 ) 1 1 I 1 623.5
0 200 400 600 800 1000 1200 1400
t(s)
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Thermal compensation in DMOS Transistors

m Stacked DMOS ZVP3306 20V, e- 12 MeV, field15x15
6500 : , 1174.0
6400 T+ 1173.0
_— 1 11720
1 1171.0
< 6200 =
£ 1 11700 E
5 6100 =
. . 111690 ~
6000 1 1 1168.0
5900 f 1 1167.0
' 5800 — . [ T 1166.0
0 500 1000 1500 2000 2500 3000
0 500 ts)
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Thermal compensation in DMOS Transistors
= Stacked DMOS: Thermal compensated

ZVP3306#2 20V, e- 12 MeV, 15x15 cm?

800

- 1174.0

700 1173.5

' e
' e |9
Wa 1o MY
o 2.C4N O O I =] Lo}
we'ce o) ls e K
o T eonm [t weel toll o
HE 1 i :
; o
& -

500 1172.5

Vy (mV)

400 1172.0

300

AVO (MV)

« | 5
O %
s 5aPls e
o ody'liVy Q
)
o
ofoodde—1 1 171.5
WY e | $Xee
¢ . Sebit I -
o Tt M5
3 es o
< A% &
A LS L
' el o

200

1171.0

100 1170.5

0 — . T T T 1170.0
0 500 1000 1500 2000 2500 3000
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Conclusions

" Thermal compensation for MOSFET

" Lateral:
" One current =2 |,

* Improved linear range (thermal compensated) = Three
currents.

" DMOS: Use the parasitic diode.
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