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Dosimetry Principles
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Dose, or deposited dose, is a measure of the 
ammount of energy imparted by a radiation field to 
the unit mass of a medium through ionizing events.

Q : ionized charge
W : Energy per ionized electron
q   : electron charge
m   : sample mass

D = Q.W / q.m

[ D ] = erg/g =: rad  , or joule/kg =: Gray



Cavity Bragg-Gray theory
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medium X

cavity k

under B-G conditions



Bragg-Gray theory Conditions
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The B-G relation give that the dose relation between the cavity and the medium is 
given by the mass stopping power ratio

B-G conditions: 

Deposited dose are only due to charged particles

The particle fluence does not change over the cavity

VERY SMALL CAVITY



Ionization chamber
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...but not so small in order to have sufficient 
ionization volume for the output current to be 
measurable.

I = dQ/dt = q.m/ W  dD/dt 
             
         = q.ro.Vol/ W  dD/dt

...smaller dosimeter need:
         higher density
         lower W



Semiconductor dosimeters
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I = q.ro.Vol/ W  dD/dt

   = Sensitivity.Vol  dD/dt 

...smaller dosimeter need:
         higher density
         lower W
            Higher Sensitivity

Semiconductor dosimeters have 18000 (Si) higher sensitivity than 
ionization chamber

A small dosimetric volume that satisfies the B-G conditions in most 
practical circumstances.

                    Allows high spatial resolution

Si to water mass power stoping ratio almost constant over energy range 
covered by RT leads to a response close to that of human tissues in this 
range.



Commercially available diode dosimeters
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Physical mechanisms in MOS dosimetry

Oxide 
trapped 
charge 
buildup

Interface 
traps 
creation.

[Schwank 2008]

Threshold 
Voltage Shift



Charge trapping and interface states. 
Threshold voltage shift.

With interface states:
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MOS Dosimeters

• The radiation-induced VT shift is used to 
quantify the absorbed dose.

• Usually VT is measured as the shift in a 
point of the I-V curve.

• Allows real-time, automatic measurement of 
the accumulated dose.

[Lipovetzky IEEE Trans Nucl Sci 2007]
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Response curves
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• Sensitivity depends on
• Oxide Thickness.
• BIAS voltage.

• ΔVT = ĸ QOX / COX (ĸ aprox 1)



• For thick oxides, VT shift is 
• proportional to tox

2

• ...and independent of the area

Dependence of sensitivity with oxide 
thickness (tox)

Sensibility to radiation of oxides 
with different thicknesses
[Saks 1986]

Delta-Vt= Q/Cox . (Tox-x)/Tox
but
Q = const. Vol = const. A. Tox
and
Cox = const . A / Tox
then
Delta-Vt= const.Tox^2 . (Tox-x)/Tox

LabFisDisp



Comercially available MOS dosimeters



MOS dosimetry in LFDM
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•A bit of history

•Reusability of MOS sensors

•Extension of the dosimeter range. New 
measurement techniques

•Design of structures and circuits

•Numerical simulation

•Developments and applications



Tunel through the insulator
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Tunel trough ultrathin oxides
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Tunel trough thick oxides  
Fowler-Nordheim tunel

The field dependence of the tunnel current
in F-N regime 

In thick oxides the tunneling occurs 
through the triangular barrier

Alto:

Espesor:
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Tunelling associated phenomena

1-Electron injection

2-Charge trapping 
and detrapping

3-Surface state 
creation

Vt shift
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| qV  |G

 e- φe

 φh



Oxide charge control by tunneling

At these levels there is a dynamic 
balance between trapping and 
detrapping 

The oxide charge reaches a steady 
level determined by the electric field 
during the injection
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MOS dosimetry in LFDM
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•Reusability of MOS sensors

•Extension of the dosimeter range. New 
measurement techniques

•Design of structures and circuits

•Numerical simulation

•Developments and applications



Electrically erasable MOS dosimeter

Preinyección

Seteo y 
borrado. 

Inyección 
túnel

Mediciones 
sucesivas en 

irradiación

Jn = 7.10-4 A/cm2   

Q > 1,4.10-2C/cm-2
Jn = 7.10-6 A/cm2  

  Q > 7.10-4C/cm-2 VB=1,80V

Satura estados 
de interfaz.

Fija la tensión de 
umbral inicial.

Cambia la tensión 
de umbral con la 

radiación
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Redin-Faigon Patent 2001



Reusability y Repeatability

repeatability within
0.5%
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Bias dependence of the response to 
irradiation
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Dosimetry innovations: erasing stored charge 
techniques

Redin-Faigon Patente 2001
Lipovetzky et. al., IEEE TNS 2007

Faigón et. al., sent RPC. 2008

Erasing through 
Fowler Nordheim 
tunnel

Erasing by RICN

Faigón et. al., IEEE TNS 2008
Patente 2008
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MOS dosimetry in LFDM
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•Reusability of MOS sensors

•Extension of the dosimeter range. New 
measurement techniques

•Design of structures and circuits

•Numerical simulation

•Developments and applications



The BCCM Technique 
Bias Controlled Cycled Measurement

[Faigon IEEE Trans. Nucl. Sci.  2008 and patent]

The technique allows an extention of at least 1000 times in dose 
range. 
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Sensitivity preservation
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quasi-saturation

Standard use
BCCM



Reset methods and BCCM technique tested on 
commercial dosimeters

• 300nm commercial RADFETs in collaboration with REM 
Oxford LTD.

J. Lipovetzky, A. Holmes-Siedle, M. García Inza, S. Carbonetto, E. Redin, and A. Faigon
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 59, NO. 6, DECEMBER 2012

FN erase BCCM

LabFisDisp



MOS dosimetry in LFDM
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•Reusability of MOS sensors

•Extension of the dosimeter range. New 
measurement techniques

•Design of structures and circuits

•Numerical simulation

•Developments and applications



Experimental structures and circuits

Ring Oscillator, using Δf as a 
measure of dose.  
[Carbonetto 2009]

Floating gate transistors
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• To obtain high sensitivity, MOS dosimeters need thick 
gate oxides, fabricated in ad-hoc processes → $$$$

• We proposed to use MOSFETs fabricated in commercial 
CMOS processes to allow a reduction in cost. 

• This would also allow the integration of reading 
electronics.

• Amplified dosimeters with temperature compensation 
using diferential pairs of FOXFETs.

The FOXFET
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The FOXFET dosimeter.
• Use FOX as gate oxide: the 

FOXFET.
• Since VT is high, preferred to use n-

channel devices. 
• Built FOXFETs to evaluate the 

response to TID in two 0.5 µm 
CMOS processes. 

• Layout must not violate DRC rules.
• Nice IV curves!

[Lipovetzky IEEE TNS 2013]
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Response of FOXFETs

• Irradiated with 60Co gamma rays


IEEE Transactions on Nuclear Science
Volume 60, Issue 6, December 2013, Article number 6678078, Pages 4683-4691
Field oxide n-channel MOS dosimeters fabricated in CMOS processes  (Article)
Lipovetzky, J.ab , Garcia-Inza, M.A.a , Carbonetto, S.a , Carra, M.J.a , Redin, E.a , Sambuco Salomone, L.a , Faigon, 
A.ab    
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Sensitivity comparison

The response depends on: 
• the bias applied
• oxide thickness and quality



Differential Dosimeter

The shift in VT in an irradiated dosimeter can 
be  recovered using a convenient bias.

Other differential circuit for radiotherapy
applications.

[García Inza TNS 2014]

Differential BCCM dosimeter:
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Temperature compensation using  
Differential Dosimeter and BCCM.

•The differential output mitigates 
temperature-induced VT shifts.

•Extension of the dose measurement 
proved (as in previous works with thinner 
oxides).

•Relativelly more complex use.

[García Inza TNS 2014]

Differential BCCM dosimeter:
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The current mirror. A differential amplified 
sensor

• Use of differential pairs differently 
biased (old idea)

• Temperature in common mode (first order 
approx)

• Amplification of response.


IEEE Transactions on Nuclear Science, 27 November 2014
CMOS Differential and Amplified Dosimeter with Field Oxide N-Channel MOSFETs
Carbonetto, S., GarcianInza, M., Lipovetzky, J., Carra, M. J., Redin, E., Salomone, L. S., Faigon, 
A. 
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Response to very low doses in x-ray imaging 
applications

• FOXFET + COTS implementation.
• Irradiated using an x-ray image system.
• Allowed a resolution of few mGys.
• Good thermal rejection. 

[Carbonetto 2014 EAMTA]
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Experimental structures and circuits: APS 

• Active Pixel Sensor (APS).

[I. Martinez Vasquez,  A. 
Faigón 2015 EAMTA]
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Experimental structures and circuits: APS 

• Active Pixel Sensor (APS).

[I. Martinez Vasquez,  A. 
Faigón 2015 EAMTA]
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Experimental structures and circuits: FG


• Floating Gate Sensor (FG)
Charging curves
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Experimental structures and circuits: FG


• Floating Gate Sensor (FG)
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MOS dosimetry in LFDM
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•Reusability of MOS sensors

•Extension of the dosimeter range. New 
measurement techniques

•Design of structures and circuits

•Numerical simulation

•Developments and applications



Numerical simulations
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The equations

Parameters 
dependence

Rg=Rg(F,Dose): Effective pair generation
Rn=Rn(F): Neutralization probability
Rp=Rp(F): Hole trapping probability
Pt: Hole traps density



Numerical simulations
• Bss92
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Numerical simulations: Turn-around
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Numerical simulations: bias switch sequence
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+9V - 0V ...x16



MOS dosimetry in LFDM
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•Reusability of MOS sensors

•Extension of the dosimeter range. New 
measurement techniques

•Design of structures and circuits

•Numerical simulation

•Developments and applications



 Characterization for clinical applications
and first results
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Aplicaciones desarrolladas

Dosímetros de altas dosis --decenas de kgy’s– y de bajas dosis –
resolución de 1 cgy--

Dosímetro de alta dosis
para PISI

Cámara de calibración para
braquiterapia
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Comparison with commercial sensors

> 40 mV/cGyOur
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Comparison with commercial sensors

Diff Fox
YES


YES
YES. Multpl use

100000 fractions
< 0.001  $
1 mm side

1 point/5 sec
real time. ilim.

Single or continuous
NO
....

+/- 2%
0.27 mGy/C
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Future steps in the integration of 
sensors

• OPAMP with FOXFET 
differential input pair, 
correction of non-
linearities with feedback.

• Then integration of ADC 
and reading electronics 
on chip, for a SoC.

• RFID front end for an 
offline dosimeter.

• Study of interaction of 
radiation with packaging. 
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Thanks

Thanks!
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