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Introduction

» Talk scope: Radiotherapy control /‘)\\\
" Dosimeters: Si PIN diodes and \\/
MOSFETs/RADFETs h
= Commercial low-cost devices Si PIN Diode
= Current and voltage mode sensor output

" Analog and mixed conditioning electronics

= Main influential factors: sensors specs. (sensitivity,
biasing, output ranges, impedance, noise, ...)
= Design considerations: .
= Portable/Handheld reader (powering, size, weight)

= Acceptable performance (accuracy, resolution,
dynamic response, and ranges)

eucs;r 2nd \WWORKSHOP ELICSIR PROJECT, 9-10.03.2021

3N163 MOSFET

UNIVERSIDAD
DEGRANADA



Si PIN diodes: Response to radiation

® Structure: diode with an ad hoc intrinsic Comtmeni ) ARsotin
region to extend sensitive volume [mlmfSiDzL-.ﬁ._}jj ! P _/:J_Iﬂ_ .
= Response: cx b | (o 00 ‘ ©)
» Creation of radiation-induced e-h pairs ) | o
= Separated by depletion-layer electric field e i Cathode
" Immediate photocurrent in its terminals. o

" Photovoltaic mode (Commercial detectors)
=" Diode is not biased

= Operates as a source (solar cell)
" Photoconductive mode
=" Diode is in reverse bias
= Operates similarly to a photoconductor (LDR)

eucs;r 2nd \WWORKSHOP ELICSIR PROJECT, 9-10.03.2021




Si PIN diodes: Element of circuit

P Photodiode

= Equivalent circuit: o e
= |, =dark + photocurrent i

"Internal”

= |, =direct current (negligible) photocurrent

generator

" C, = junction capacitance (1- 10° pF) |

" R, = shunt resistance (0.1 — 10 GQ ) L
= Noise: Shunt noise dominates giﬁ:

. . . 4kTB g 10-10 Pég%;mmzi
Int = ,/1?1]. T 1%15 = \/ R + 2qIOB é 10"1)‘:\2@/
sh a ol =

"Temperature: greatly affects dark current "% % %' w
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Si PIN diodes: |-V converters

" Design for low noise and balanced bandwidth: 1

r

R R . :
. — _ — 'f* XY LI
LRERNY RN 14 h ; |
¢ - v ¢ - R —oV =R i ! ; -
-0V, =R ¢ —_ -0V, =R g r + i i LoV
—1 T I N g BN | | N 0
| | Fotodiodo
(@) (b) Ilc, +
Unbiased or reverse biased | compensation Stability

* Operational amplifier (FET): High input resistance >> R,
= R also in V* for bias current compensation
= C,: circuit stability and low-pass filtering (not too much)

" Photocurrents 0.1- 50 nA=>R = 0.1-1 GQ (V,= 1 V)
= GQ resistors: noisy, high tolerance, high thermal drift, short bandwidth
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Si PIN diodes: |-V converters

" Solution 1: T-Network Solution 2: Two stages

a) R,
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Si PIN diodes: UGR reader

" Solution 2: Two stages
" |-V converter: VF1 = 4.7-106-|ph + Voltage amplifier Av = 20

C1 220p
H TLO72 (FET-input op. Amplifier)
R1 4.7MEG 2 R, =1000 GQ
o4 ]~ o _
g = fz g 'N\?Flzng Low noise :V, =18 nV/VHz @ f = 1 kHz
Iph ll t & . VF1 AR 3.00

Csh 25p
Rsh 1G

‘|
R34.7MEG
w
vd

2.00

‘_f +g py R f

4+ L e
% U1TLO72 | | = ] VF1
- 7 S VF2

* Total amplification= 0.1 V/nA
" 16 bits Analog-to-digital converter ////
- Error (Z.SD): 0.2 nA 0.00 25.00n lnpth(.:(l)J(:llnt " 75.00n 100.00n
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Si PIN diodes: UGR reader

= AC behaviour and signal-to-noise ratio
= BW= 100 Hz ) 7 [[
= SNR > 80 dB (up to 1 kHz) (> 13 bit ADC)

= Slew rate: 70 V/s
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\éFZ
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\ VAY
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: |L——I:l—o
load 1k T
vd
I
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S
‘|
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Si PIN diodes: UGR reader

= Some experimental results of BPW34S Si PIN diode:

BPW34S #P3
90
80
/70 = 14.169x - 2.9965 - . .
0 | T o eann e Studied devices:
o | — + BPW34S
< + High-to-low
£, | 7 BT « \VTB8440BH
= 40 e o Low-to-high . :
30 Unbiased and reverse bias
20 y =14.148x - 2.8244
R2 = 0.9988
10 - -
0 f
0.00 1.00 2.00 3.00 4.00 5.00 5.00

Dose rate (cGy/s)

Measured photocurrent versus dose rate in a LINAC (16 MV beams)
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MOSFET/RADFET: Structure

" Enhancement p-channel MOSFETs S ///j//// .
O— g7 —O0
" (a) Lateral (RADFET) Higher sensitivity A
= (b) Vertical - DMOS, inexpensive n \
" |-V characteristic in saturation region: B\C"a””ﬁ"
(a)
ip =~ 5 (vasl ~ 1Ve)? Ps =92
Slvgs| = Vi, [vps| = lvgs — Vel [ Hp._'
Typical biasing region when used as )
radiation detector —= J,
D

e|§CS¥l' 2nd \WWORKSHOP ELICSIR PROJECT, 9-10.03.2021



MOSFET/RADFET: Response to radiation

= Positive charge trapped near the interface

" Interface traps in the interface 4y, = - Css _ —L(AQOT + 4Q;r)

(4) RADIATION-INDUCED COX CO X
INTERFACE TRAPS
WITHIN Si BANDGAP 10 T T T TTITT] T T T 1 TTTTT
_/ : .
1.1 eV A
+ b—
* &
Si0, A —
~h~r + (3)DEEP HOLE 2 ;
TRAPPING - | -
- NEAR Si/SiO, 3
W//A INTERFACE >
GATE / = <
Al I (2) HOPPING TRANSPORT i n
il ot oF HolEs THouS!
1) ELECTRON/HOLE PAIRS : '
() ENERATED BY IONIZING IN SiO; BULK
RADIATION
0.1 L1 1t aaanl L a g 1 L1l
10° 10* 10° 10°
: . : . Dose (rad(Si
Storage charge mode operation: Monitoring of V, (rad(Si))
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MOSFET/RADFET: Configurations as dosimeter

» Unbiased/Biased gate-source voltage

= Single or stacked devices

Measure V. with constant current method
.m$ @ - Eé N Saturation region V,=0
— - io = 5 (1ves| ~ VD)2
sl—o Vg % Considering B~ cte => A|vgs| = A|V¢|
° LB o ;—il’ i Gate to ground V=0
D o L A|Vs| ~ AV,

" |n all cases, source-drain voltage read-out under constants I,
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MOSFET/RADFET: UGR real-time reader system

= Compact electronic reader able to read in real time:
» Unbiased/Biased pMOS
" Up to 2 stacked devices Two modules:

= Sensor module
= Reader Unit + biasing module

Sensor _,.-"; _ . -
module :: Reader unit USB cable

Irradiation field extension

BUNKER
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MOSFET/RADFET: UGR real-time reader system

= General features: . Reader e
i unit Univ.Granada & :
= Sensor modules for 1 or 2 pMOS ' o] 4 OED0E ;
| memory — ;
" Programmable current source Q - —
5 7| MCU |
" Dual V¢ recording with zeroed INA ] o iz | |
= 16-bit A/D converter (ADC) e Dﬁ’ ; ‘"‘I-s:_m ADC —
* MCU data averaging (512) GITETSD . ELFniL |
= Powering electronics: s c_:L ﬁf ] ocogeomeres |
. T VU S ] regulators T i
" 7.4Vion-Li battery /
* DC-DC boosted to 24 V (analog circuit) i N
=V, readable 17 V C_E %}S FT
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MOSFET/RADFET: UGR real-time reader system

= Sensor module: 1 pMOS (ESD protection and MOS
selective pin biasing) G >
' NN\
= JFET S-D switch allows pMOS reading @"
= ON: gate short-circuited during irradiation and storage

= OFF: during read-out

= JFET G-D switch allows pMOS biasing
= ON: unbiased pMOS mode
= OFF: biased pMOS mode

JFET: MMBF4391
Normally ON
R(ON)=300Q
chtoff =-10V

R for discharging of JFET gate capacitance
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MOSFET/RADFET: UGR real-time reader system

= Sensor module: 2 stacked pMOS configuration ®
(b)

: -J [‘ t“h
% S D s D 2 ! ;
[, ’JFET1 T JFET A 'il (a)
Gl e G E : 884k
D S D s g
| s D Re s o R P
- i"_ | e T ..
GI G > e 5
D S JFET2 el 5 i‘é“;:jiETz ;
L : :
T —L— = ‘
% | 5 o JFET 1 S g--Q-—EEJFET‘|
ell__ %6# G ‘"mjfaf
D S D 'S
S E o (@
“ s Rs s ‘D | = Rg
T I ........ i

D
> ' | » gt :
JFET3 5! © gi_é_ JFET@ G! it G Sensor modules: 3N163,

JFET2 D 'S JFET2

fnil {% a DMOS, CD4007 and Tyndall
; - I RADFET

(o) = (d)
Irradiation- Biasing Read-out
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MOSFET/RADFET: UGR offline reader system

= Reader unit: programmable drain current source
» To implement the three current method (3CM) /Reader 7777777777777777777777777777777777777777777

Reader unit
' niv.Granada (B]
= 16 bit digital-to-analog converter (DAC) (DAC8551) ™ e niojajs
= Range: 10 pA — 1 mA. Resolution: 60 nA 3 ‘memory —
" |, checked by R and amplifier (INA114) => ADC. @ - DAC S/ oy | [LusE
| & FT232
Current source S pMOS o—— %MUX — ]
.
G-JFET S-D o— weT ||
' G-JFETG-D o— control

l

l | |
o ! Bias | DCDC converters i
| | |
Qj; i module i and voltage — |
i . § regulators |
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= Reader unit: Source voltage measurement %ﬁ
= Directly from MOSFET (buffer + ADC) g ?1 7 132 |
= Amplified (INA + ADC) S pMOS FJJ P ﬂ o] fuse
= V- (INA) set to 80 mV by DAC %]TL vl Ay i
= Resolution (16-bit ADCand INA Gain=4)  creres — Consos
« V4o = 20 UV/LSB e

" Biasing module:
" Digital potentiometer for providing up to 22 V
*" Analog buffer for impedance matching
= Switch controlled by MCU for biasing control

Bias module
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MOSFET/RADFET: UGR offline reader system

= Some examples of real-time measurements: 3N163

3N163, Biased Vgg = 12.5V, 6MV 25x25cm?, 1.5cm buildup

0.60
0.55 A
S 0=0.23 mV
S TN S5en=331+0.1
__0.50 | R
% R2=0.9994
2
0.45 - s :
S . Irradiation:
.~ Dose = 4.75 Gy
0.40 ,,,,,,,,.f’ / Dose rate = 32 mG/s
035 I I I I I I I I I I
0 100 200 300 400 500 600 700 800
t(s)
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MOSFET/RADFET: UGR offline reader system

=" Some examples of real-time measurements: a DMOS

ZVP3306 20V, 3x8.55 Gy, 18MV, 10x10
0.75

0.70 | A
* Sen =11.9+£0.04 mV/Gy

R?=0.9995

~ Sen =11.63 £ 0.03 mV/Gy
R?=0.9997

0 500 1000 1500 2000
t(s)
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MOSFET/RADFET: CubeSat URSA MAIOR

= QB50: European network of 50 CubeSats for
multi-point, in-situ measurements in the
lower thermosphere (FP7-EU)

= URSA MAIOR (University Sapienza- Rome)

= Challenge: To include a small printed circuit
board with radiation sensors for dosimetry
inside the Satellite with high T stress (0-40°C)

=" Main board:
= DC supply
= Microprocessor with built-in ADC
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MOSFET/RADFET: CubeSat URSA MAIOR

=4 sensors selected biased a |, : to cover different sensitivities
" JFET protected:

LM334
= Radiation cycles: all terminals short-circuit (99%) Output current: 1 pA - 10 mA
= Reading period: JFET cut-off (1%) Blased from 1Vto 40V
| TYPEOFSENSOR | SELECTED Id(uA) | Jpse
CD4007 137
3N163 230 -
Tyndall RADFET (x2) 10 L1,

wl| |
" Current source based on thermal compensated LM334: 4

1N457 vD

= If R2=10-R1 =>LTC = 0 => I;;=0.134V/R1 |
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MOSFET/RADFET: CubeSat URSA MAIOR

RADFETs

= Circuit design:
Current source

T
£ L R1_1
I pL = [LAS54 1
D E] 10K

\V/ “
+ .
S == A
’ L. I 150K

M

~| DioDo_1
4148
L
L€

Vs level shifting \

JFET for switching >
:’ _______ é ___________ i :
1 ——————0 | vee s T 61

' pMOS ! 112

i G E JFEF ; ’; n;rs 1

i | | :

= Lok
E 1

D .

-
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MOSFET/RADFET: CubeSat URSA MAIOR

" Thermal and irradiation tests before launching:

* Irradiation set-up

= LINAC Mevatron (Siemens, Germany)
= Normal Beam 15 MV up to 115 Gy

* Temperature stress

= Climate chamber between 0 and 40°C

* Results
MOSFET Sensitivity SD Sensitivity | Thermal drift
(mVIGy) (mVI/Gy) (mV/K)
CD4007 5.0 0.1 0.13
3N163 17.90 0.07 0.36
RADFET 1 20.6 0.1 0.3
RADFET 2 20.8 0.1 0.4

= Communication

elicsyr

ost after launching: no data received
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CONCLUSIONS AND FUTURE WORK

" Reliable and high performance dosimetry systems for real-
time monitoring were designed, fabricated and tested for
PIN diodes and pMOS.

" However, as any electronic system need to be constantly
revised and redesigned to include new features or to
Improve existing ones.

" We are working in adapting it to different kind of solid-state
dosimeter beyond pMOS.

" |t would be advisable to take it to the market
" Any collaboration in this regard will be very welcome.
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