Functional Materials 11, No.1 (2004)

Radiological characterization of metal oxide
semiconductor field effect transistor dosimeter

Chan-Hyeong sz, Sang-Hoon Lee ,
Baodong Wang , X.George X u'

Department of Nuclear Engineering, Hanyang University,
Haendang dong, Seongdong-gu, Seoul, 133-791, Korea
“Innovative Technology Center for Radiation Safety,

Hanyang Unlversﬂ:y, Haendang-dong, Seongdong-gu, Seoul, 133-791, Korea

“Nuclear Engineering and Engineering Physics Program,
NES Building, Rensselaer Polytechnic Institute, Troy, NY 12180

This paper reports our effort to develop a detailed 3D Monte Carlo simulation model of
the High-Sensitivity MOSFET dosimeter using the MCNP 4C code for radiological charac -
terization. To determine the dosimeter response accurately, this study has taken three
actions: (1) The absorbed dose to the sensitive volume of the dosimeter is calculated
directly from electron trajectories; (2) The electrons are forced to make at least ten
substeps in the sensitive volume; and (3) ITS-style energy indexing algorithm is used
instead of the default MCNP-style energy indexing algorithm. Our results show that the
developed model calculates the angular dependence, absorbed dose, and energy dependence
of the dosimeter very satisfactorily when we compare the results with the measured values
and theoretical values.

B craTbe ommcama MombITKa paspaboTKu moApobHOI TpexmepHoii momenu Monrte-Kapiio
IS BBICOKOUYBCTBUTEJIBHOIO A03MMeTpa Ha ocHoBe mojeBoro MOII-rpansucTopa (MOSFET)
¢ npumenenueMm Koma MCNP 4C nns ompenesieHus PaAMOJIOTHUECKUX XapaKTepucTuk. s
TOYHOTO OIpeJieJIeHNsI OTKJIWKA AO3WMMeTpa IPU HCCAEeJOBAHWU OBLINM IPUMEHEHBI TPU IPHU-
ema: 1) morsoleHHasa [03a AJS UYBCTBUTEJILHOTO 00beMa MO3MMETpa pacCcUrTaHa HEIoCpe[-
CTBEHHO M3 TPAEKTOPUI 3JeKTPOHOB; 2) dJIeKTPOHAM NPUIINCAHBI, IO MeHbIei# mepe, 10
9HEPreTUYECKUX CTyIleHeil B UYBCTBUTEJIbHOM 00heMe; M 3) BMECTO aJTOpUTMa WHAeKCalluu
sHepruu, npuMmensemoro B MCNP mo ymosuaHWIO, HCIOJH30BAH aJTOPUTM HWHAEKCAIUU
saepruu tumna ITS. Hamm pesysabTaThl MOKAas3bIBAIOT, UTO pa3dpaboTaHHAsS MOMIENb ITO3BOJSAET
BeChbMa YJOBJIETBOPUTENHHO PACCUNTHIBATHL YTJIOBYIO 3aBUCUMOCTDH, IIOTJIOIIEHHYIO [O03y U
SHEPreTUYECKYI0 3aBUCHUMOCTD IJIA JAO3WMETPa, UTO CJEAyeT M3 COIMOCTABJIEHUS IMOJYyUEHHBIX
pPe3yJabTAaTOB C SKCIEPUMEHTAJBHBIMUA U TEOPETUUECKUMU 3HAUCHUSIMU.
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Metal oxide semiconductor field effect
transistor (MOSFET) dosimeters are increas -
ingly wutilized in radiation therapies and,
more recently, in radiation diagnosis. The
advantages of MOSFET dosimeters include
small size, immediate readout, and ease of
use, making them excellent tools for high
energy photon applications. In the low en-
ergy range, however, MOSFET dosimeter re -
sponse, which is mainly made of silicon, is
complicated by the fact that interaction
probability of photoelectric effect shows
significant dependence on the atomic num-
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ber of each dosimeter component. The objec -
tive of this study is to develop a detailed
3-dimensional Monte Carlo simulation
model of a MOSFET dosimeter for charac-
terizations and calibrations for low and me -
dium energy photons.

This study models the High-Sensitivity
MOSFET dosimeter (TN-1002RD, Thomson
and Nielsen Electronics, Ltd., Ottawa, Can-
ada). The High-Sensitivity MOSFET dosime -
ter is made of a silicon chip with 1 mm?2
area and 0.25 mm thickness. The chip is
located under a layer of black epoxy bulb.
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The silicon chip includes two MOSFET de-
vices, each of which has an active area of
0.2 mmx0.2 mm and active thickness of

1 pm. The silicon chip and bulb is placed at
the end of a very thin and flexible
polyamide laminate cable (~0.25 mm thick,
2 mm wide) encapsulating two gold wires.
Readers are referred to McKay [1] for the
detailed mechanics how a MOSFET works as
a dosimeter. In short, the difference in volt -
age shift before and after exposure is pro-
portional to radiation dose, and it can be
read out immediately.

In this study, a 3-D Monte Carlo model
of the High-Sensitivity MOSFET dosimeter
was developed using Monte Carlo N-Particle
(MCNP) 4C [2]. Detailed layout and compo -
sition of the model are based on the data
provided by the manufacturer. Efforts were
made to accurately determine the energy
deposition in the sensitive volume of the
MOSFET dosimeter. The sensitive volume of
the dosimeter is very thin (1 pm) and the
standard MCNP tallies do not accurately de -
termine absorbed dose to the sensitive vol-
ume. Therefore, the absorbed dose in the
thin volume was directly determined by the
electron track length dose estimator devel -
oped by Schaart et al. [3]. Transport of elec-
trons in medium is complicated in that elec -
tron pathways are characterized by many
interactions each having small energy loss.
For example, an electron of 1 MeV can have
more than 10° collisions in water before it
completely stops. This large number of in-
teractions makes it impractical to transport
every single electron collision in Monte
Carlo simulation and the so-called "multi-
scattering theory”™ is thus adopted in
MCNP. In such an approach, an electron
path is broken into small energy steps and
all simulation parameters are calculated on
such step basis. In order to represent the
electron’s trajectory more accurately, these
energy steps are further broken into smaller
substeps by dividing the energy steps by an
integer m. In our simulations, the values of
m are chosen to assure that electrons make
at least ten substeps in the sensitive volume
of the MOSFET dosimeter. It has been docu -
mented in the literature that the default
MCNP-style indexing algorithm gives much
larger error than the ITS-style indexing al-
gorithm in electron transport due to its in-
consistency with the definition of energy
groups [3, 4]. Therefore, this study used
the ITS-style indexing algorithm for all the
simulations.
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Fig. 1. Angular dependence of the MOSFET
dosimeter for Cs-137 source. The 0 degree
corresponds to photon incident perpendicu-
larly on the silicon side and 180 degree is on
the epoxy side.

This study performed three experiments
to validate the MCNP model: 1) comparison
with the measurement of a Cs-137 source;
2) computational experiment to validate the
dose estimator; and 3) comparison of calcu-
lated energy dependence with the predicted
value from theory. First, the MOSFET do-
simeter response from different photon di-
rections was measured using a Cs-137
source emitting 662 keV gamma ray pho-
tons. The dosimeter was rotated along its
axial every 30-degree and the exposure time
was one hour in each case. The same setup
was simulated in MCNP and the direction of
photon beam was rotated using the coordi-
nate transformation (TR) card. Fig. 1 shows
that the simulation and measurement re-
sults are in a good agreement. Both the
simulation and measurement results indi-
cate that the MOSFET dosimeter shows
higher response (by ~8 %) for photons com -
ing from the epoxy side.

The MCNP model may become unrealistic
if the sensitive volume is very thin and
electron steps are frequently interrupted by
the cell boundaries. To check this out, a
block of SiO, cylinder was defined in
MCNP. Electrons were generated uniformly
throughout the entire volume of the block.
A small "tally” or detection volume was de-
fined at the center of the block. With this
configuration, we can calculate the "exact”
value of the absorbed dose to the tallying
volume assuming radiation equilibrium. In
MCNP, the absorbed dose to the detection
volume was determined by using the elec-
tron track length estimator developed in
this study. This study calculated the per-
centage difference between the MCNP result
and “exact” value for detection volume
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thickness varying from 0.1 pm to 1 cm.
Generally, out results show that the differ-
ences are less than 3 % for all the photon
energies and thickness considered in this
study. The differences are larger for thin-
ner volumes, but do not show any specific
tendency or bias.

Finally, we simulated the MOSFET do-
simeter response for various photon ener-
gies ranging from 15 keV to 6 MeV. The
energy dependence was then compared with
the theoretical values that are calculated
from the ratio of the mass energy absorption
coefficient of silicon to that of air. Fig. 2
shows that the MCNP result is in a good
agreement with the theoretical wvalues.
There is small difference between these two
curves, which is due to the lack of charged
particle equilibrium at the interface of sili-
con and epoxy. This result shows that there
is significant self-shielding effect where the
photon energy is very low (<50 keV). For
high energies (>1 MeV), the dosimeter un-
derestimate the absorbed dose since charged
particle equilibrium (CPE) does not exist at
the sensitive volume of the dosimeter. This
problem can be avoided by adding a build-
up layer on the top of the dosimeter.

The authors thank the Innovative Tech -
nology Center for Radiation Safety (ITRS)
at Hanyang University in Korea for sup-
porting this study.
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Fig. 2. Energy dependence of the MOSFET
dosimeter. The relative dosimeter response
agrees with the predicted value from theory,
but decreases dramatically below 50 keV due
to self-attenuation of the silicon.

References

1. G.MacKay, Thomson and Nielsen Electronics
Ltd. Technical note, No.4, Thomason and
Nielsen Electronics Ltd., Ottawa, Canada
(1996).

2. J.F.Breismeister, MCNP — a General Monte

Carlo N-Particle Transport Code Version 4C,
Los Alamos National Lab., Los Alamos, NM
(2000).

3. D.R.Schaart, J.T.M.Jansen, J.Zoetelief,
P.F.A.Leege, Phys. Med. Biol., 47, 1459 (2002).

4. R.Jeraj, P.J.Keall, P.M.Ostwald, Phys. Med.
Biol., 44, 705 (1999).

Paniosoriuyni xapakTepuCTHKH J03UMeETpPa
Ha ocHOBi moasoBoro MOII-Tpan3ucropa

Yan-Xionz Kim, Cane-I'yn Jli, Baodonz Banz, Kc.[xopdxi Ll3t0

B pobGoti ommcano cmpoby po3pobku meTanbHOI TpuBuMipHOI Mozesni Mourte-Kapmo mnsa
BHCOKOYYTJINBOTO mo3uMeTpa Ha ocHOBi mosboBoro MOII-tpamsuctopa (MOSFET) 3 3acrocy-
BanHAM Koxy MCNP 4C pnsa Bu3HAUeHHSA DAAiOJIOTiYHMX XapaKTepUCTHK. [ad TOYHOTO
BU3HAUYEHHA BiATIyKy TpaH3WCTOpPAa IPW OOCIiAKeHHI OyJI0 3acCTOCOBAHO TPU IPUIIOMU:
1) moramMHEHY J03y [AJA YYTJAUBOTO 006’€My OO3MMeETpa pO3paxoBaHO 0e3mocepeqHbO 3a
TPAEKTOPiAMU eJEeKTPOHiIB; 2) eJIeKTPOHAM IPUINCAHO INoHaliMeHIe 10 eHEPTeTUYHUX CTY-
neHiB y uyrtamBoMy o6’emi; i 3) samicTts asroputmy impexcanii emeprii, 3acrocoBaHOTO B
MCNP 3a BimcyTHOCTiI 3acTepe’KeHb, BUKOPHCTAHO ajropuTm iHpekcarii emeprii tumy ITS.
Hamri pesysnbraTu BKasyooTh, II[0 PO3po0JieHA MOMAEJNDb HO3BOJIAE IIJIKOM 3aJ0BiJILHO pPO3pPaxo-
BYBaTU KYTOBY BaJIEKHICTh, HOTJIMHEHY I03y Ta €HEPTeTUUYHY B3aJIEKHICTh A NO3UMETDa,
10 BUTiKae i3 3icTaBiIEeHHA OJEP’KAHUX PE3YJIbTATIB 3 €eKCIEPUMEHTAJILHUMU Ta TEOPETUYHU-

MU 3HAYEHHIMMU.
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