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In this paper, the results of radiation sensitive field effect transistors (Al-gate p-channel
metal-oxide-semiconductor field effect transistors) sensitivity to gamma and X-ray irradia-
tion are presented. Radiation fields were created using %°Co source for three dose ranges
(0-1 Gy, 0-5 Gy, and 0-50 Gy), as well as X-ray unit of 280 kVp spectrum for a single dose
range from 0 to 5 Gy. The sensitivity was characterized by the threshold voltage shift, deter-
mined from reader circuit measurements, as a function of absorbed radiation dose. It was
shown that for the three dose ranges of gamma radiation, as well as for the X-ray range from 0
Gy to 5 Gy there is approximately a linear dependence between threshold voltage shift AV
and radiation dose D. The application of positive bias of +5 V at the RADFET gate during ir-
radiation, for these ranges of gamma radiation, also for X-ray dose range, leads to the increase
in AV and also, approximately a linear dependence between AV and D, is established. More-
over, it was shown that the sensitivity of RADFET is much higher in the case of X-ray irradia-
tion then in the case of gamma-ray irradiation for the same dose range.
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INTRODUCTION

P-channel metal-oxide-semiconductor field ef-
fect transistors (MOSFET) also known as radiation sen-
sitive field effect transistors (RADFET), or pMOS do-
simeters have shown to be a suitable detectors for
various applications, ranging from medical applica-
tions in diagnostic radiology and radiotherapy to syn-
chrotron radiation and space dosimetry [1-5]. A major
advantage of the RADFET as a radiation detector is that
the radiation-sensitive region, the oxide film under-
neath the aluminum transistor gate, is of a small volume
[6, 7]. The sensing volume is much smaller compared to
integral dose measuring devices such as ionization
chamber, semiconductor diode or thermoluminescent
dosimeter [8]. Attention is thus being turned to the use
of RADFET especially were the detector has to be in-
serted into a confined space as a catheter [9, 10]. This
property of the RADFET also makes it attractive for
measuring in the high gradient radiation field where the
gradient mostly depends on a single space coordinate,
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like resolving dose profiles of X-ray micro beams or
depth dose distribution. However, the disadvantages of
RADFET include the need for calibration in different
radiation fields, relatively low resolution (starting from
about 0.01 Gy) and non-reusability. On the other hand,
the latter property can be considered as an advantage, as
it provides a permanent dose record. Some earlier in-
vestigations [11] have shown the possibility of
RADFET reuse, including our recent investigations
[12, 13].

The concept of a RADFET is based on the
build-up of positive oxide charge in the gate region
when exposed to ionizing radiation. The electrical sig-
nal used as a dosimeteric parameter is the threshold
voltage. This parameter exhibits a shift when
RADFET is irradiated. Threshold voltage is the
gate-source voltage (V5g) necessary to induce inver-
sion between the sources and drain terminals, which
leads to a flow of constant current between these ter-
minals [14]. The basic mechanisms responsible for
threshold voltage shift have been previously discussed
elsewhere [15-19]. It is shown that their behavior is a
consequence of the following mechanisms: (1) elec-
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tron-hole pair generation, (2) electron-hole recombi-
nation, (3) hole transport, (4) deep hole trapping, and
(5) radiation-induced interface and oxide traps forma-
tion. As for many detectors, they need to be calibrated
against an accurate dosimetric reference, such as an
ionization chamber traceable to an accepted dosimetry
calibration laboratory. Usually a RADFET is operated
in integral mode, where the dose is determined from
the shift in threshold voltage before and after it is irra-
diated. In this case, the effect of fading and/or a tem-
perature error can be significant if long time elapses
between irradiations, or temperature changes occur
between the initial and final readout [20].

EXPERIMENTAL DETAILS

RADFET which are an acronym for radiation
sensitive field effect transistors [21] with 1 pm thick
gate oxide specially designed to measure radiation
doses (RADFET Tyndall National Institute, Cork, Ire-
land) were used. The layout of the single chip is given
elsewhere [22]. The chip size is | mm x 1 mm, and
there are two 300/50 and two 690/15 devices on the
chip. The numbers 300/50 and 690/15 represent the
width and length of RADFET channels, respectively.
One 300/50 and one 690/15 devices have four termi-
nals, bulk, drain, gate, and source. The other devices
can be treated as two terminal devices because their
gates and drains as well as their bulks and sources are
joined together. Two terminal devices can be easily
used in reader circuit configuration. The transistors
oxide was grown at 1000 °C in dry oxygen and an-
nealed for 15 minutes at 1000 °C in nitrogen. The post
metallization annealing was performed at 440 °C in
forming gas for 60 minutes (for more details see [23]).
In the experiment RADFET were divided in eight
groups. Two RADFET groups were irradiated by
gamma-rays originating from %°Co in the radiation
dose ranges from 0 Gy to 1 Gy without gate bias (all
terminals were grounded) and with a positive gate bias
Vie = 15 V, respectively. Other two RADFET groups
were irradiated by gamma-rays originating from °Co
in the radiation dose ranges from 0 to 5 Gy without
gate bias and V;, =+5 V, respectively. Two RADFET
groups were irradiated by gamma-rays originating
from ®°Co in the radiation dose ranges from 0 to 50 Gy
without gate bias and with a positive gate bias V. =
=45V, respectively. Irradiation facility used was a
teletherapy cobalt source CIRUS-TS (CIS Alcyon
Biointernational, France) with activity of 230 TBq
(1.9.1999). The last two MOSFET groups were irradi-
ated with X-rays with mean energy of 140 keV (280
kVp) in the radiation dose range from 0 Gy to 5 Gy,
without gate bias and gate bias V,, = +5 V, respec-
tively. In this case, irradiation was performed using an
X-ray generator MG 320 (Philips, The Netherlands)
with nominal tube voltage of 320 kVp. Beam quality

used for irradiation was generated using a tube voltage
of 280 kVp, inherent filtration of 4 mm Al and addi-
tional filtration of 3.0 mm Cu, which corresponds to
the first half-value layer of 18 mm Al or 3.6 mm Cu.
Irradiation was performed in the Secondary Standard
Dosimetry Laboratory of the Vinca Institute of Nu-
clear Science, Vinca-Belgrade, Serbia. All measure-
ments were conducted in a climate-controlled labora-
tory environment with ambient temperature of 20 +
0.20 °C. The air kerma at the reference point was mea-
sured with a calibrated vented 0.6 cm? ionization
chamber (Model 30012, PTW, Freiburg, Germany)
and electrometer Unidos (PTW, Freiburg, Germany).
The calibration of the chamber in terms of air kerma
for all radiation qualities had been performed at the
Secondary Standards Dosimetry Laboratory of the In-
ternational Atomic Energy Agency (Vienna, Austria),
to provide traceability to International Bureau of
Weights and Measures (BIPM). Irradiation in cobalt
beam quality was performed at dose rate of 192
mGy/min normalized to 1 m form the source, so irradi-
ation time ranging 8 to 42 min was used to achieve
doses of 10-50 Gy at irradiation distance of 40 cm, re-
spectively. Similarly, dose rate in X-ray beam quality
was 72 mGy/min at 1 m, which corresponds to irradia-
tion time ranging from 14 to 70 min to achieve doses of
1-5 Gy, respectively.

In order to detect threshold voltage shift AV,
threshold voltage before irradiation V', and threshold
voltage after irradiation V-, were determined, i. e., [24].
The threshold voltage was determined with devices in
the so-called reader circuit configuration, whose elec-
tric scheme is shown in fig. 1. In this arrangement, a
RADFET is treated as two terminal devices. Through
the channel a steady current /, = 10 pA is established
and the voltage V,, which corresponds to this current
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Figure 1. Electronic scheme of the RADFET threshold
voltage measurements
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is then measured. This voltage represents threshold
voltage. Reader circuit configuration provides fastand
accurate readout of RADFET threshold voltage with-
out any complex electronic or logic circuits around the
detectors of the RADFET ([23] for more details). This
value of the current was selected because it was close
to the zero temperature coefficients for our devices.
Namely, when reader circuit characteristics are mea-
sured at different temperatures, all of them intersect
for the current value of approximately 10 pA. Thus,
the V; readout at 10 pA is temperature independent.
RADFET were read out immediately after each irradi-
ation, i. e., the time interval between each successive
irradiation was less than a minute.

Reader circuit measurements were performed by
Keithley 4200 semiconductor characterization system
(SCS). The system is equipped with three me-
dium-power source measuring units (4200 SMU). The
source measuring units have four voltage ranges
(200 mV, 2 'V, 20 V, and 200 V) and three current re-
gions (100 A, 100 mA, and 1 A). One of the
source-measuring units is equipped with a preamp-
lifier for measuring very small currents (in the order of
1 pA).

RESULTS

Figure 2 shows the dependence of threshold
voltage shift AV, on gamma-radiation dose D in the
0 Gy to 1 Gyrange for V,,=0Vand V,,=+5 V.Itcan
be seen that gate bias of +5 V leads to larger change in
AV with the dose increase then in the case when there
is no bias on the gate.

Dependence between AV and D can be ex-
pressed as AV, =AD" [24], where A4 is the constant and
n is the degree of linearity depending on the electric
field, oxide thickness, and absorbed radiation dose.
Ideally, this dependence is linear, i. e., n = 1, where 4
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Figure 2. RADFET threshold voltage shift dependence
on gamma-ray irradiation dose in 0-1 Gy range without
gate bias and with gate bias V;,=+5V
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Figure 3. RADFET threshold voltage shift dependence
on gamma-ray irradiation in 0-5 Gy range without gate
bias and with gate bias Vi, =+5V
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Figure 4. MOSFET threshold voltage shift dependence
on X-ray irradiation in 0-5 Gy range without gate bias
and with gate bias V., =+5V

represents the sensitivity AV;/ D. Symbols in fig. 2
represent AV values from RADFET reader circuit
measurements while the solid lines are determined by
fitting the data with expression AV =AD" forn=1.1t
was shown that the values of correlation coefficients 72
are 0.99 for both V;,, =0 V and V;,, = +5 V, respec-
tively. Having that the correlation coefficients are very
close to one, it can be assumed that there is a linear de-
pendence between AV and D, so that the sensitivity
AV;/D is the same in the whole interval.

Threshold voltage shift AV} for gamma and
X-ray irradiation dose D in the 0 Gy to 5 Gy range for
Vi =0 Vand V. =+5 Vis presented in figs. 3 and 4,
respectively.

It can be seen that AV increase is much higher in
the case when RADFET are irradiated with X-rays then
in the case of gamma-rays irradiation and this is a con-
sequence of different photon energies. Namely, X-rays
beam quality used was generated with tube voltage of
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280 kVp with corresponding half value layer of 18 mm
Al, mean energy of 140 keV, while gamma-rays pho-
tons originated from ®°Co. It is known that °Co in each
disintegration emits 8~ particles and two photons of en-
ergy 1.17 MeV (99.86%) and 1.33 MeV (99.98%),
transforming itself into ®°Ni. These two photons with
different energies are usually considered as average,
with photon energy of 1.25 MeV. Due to different pho-
ton energies of X and gamma rays, different interaction
mechanisms dominantly occur in the RADFET gate ox-
ide, which further lead to radiation-induced interface
and oxide traps formation. On the basis of the atomic
number as a function of photon energy [25] it can be
concluded that both photoelectric effect and Compton
scattering are occurring, however their contribution to
the total interaction coefficient is different, as photo-
electric effect contributes more at lower energies,
whereas Compton scattering dominates at higher ener-
gies. Therefore, for cobalt photons (1.25 MeV) the pri-
mary ionizing mechanism is Compton effect, but in the
area of low and medium-photon energy of X-rays there
is a mixed influence of Compton scattering and
photo-effect.

Fitting of experimental data for gamma radiation
dose range from 0 Gy to 5 Gy (fig. 3) gives correlation
coefficients of 0.99 for both V', =0 and Vi, =+5 V.
Correlation coefficients for the case when MOSFET
are irradiated with X-rays in the 0 Gy to 5 Gy range
(fig.4) are 0.96 and 0.95 for V;,,=0Vand V., =+5V,
respectively, so it shows that the linearity between AV
and D is satisfactory for practical applications.

Figure 5 shows AV = f{D) dependence for dose
range from 0 Gy to 50 Gy for V;,, =0 Vand V;, ,=+5V.
Fitting of experimental data gives the linear correla-
tion coefficients 0 f0.98 and 0.97 for V,,= 0V and
Vi =715 V, respectively. It can be concluded that in this
dose range there is also an approximately linear de-
pendence between AV and D.
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Figure 5. RADFET threshold voltage shift dependence
on gamma-ray irradiation dose in 0-50 Gy range without
gate bias and with gate bias V;,=+5V

Comparing results between gamma-ray irradia-
tion for dose range from 0 Gy to 50 Gy (fig. 5) with re-
sults for X-ray irradiation for dose range from 0 Gy to
5 Gy (fig. 4) shows that AV for gamma-ray irradiation
dose of 50 Gy and X-ray irradiation dose of 5 Gy are
approximately the same for V,,=0 V.For V;,=+5V,
AV for X-ray irradiation is about 4 V higher than in
the gamma-ray irradiation case. It can be concluded
that RADFET are much more sensitive to X-ray irradi-
ation.

DISCUSSIONS

Many investigations [17-19, 26-33] have shown
that the exposure of MOS components to gamma and
X-ray irradiation leads to the increase of electrical
charge in the insulating gate oxide (net positive oxide
trapped charge) and interface charge (interface traps).
The dosimetry of ionizing radiation using MOS tran-
sistor is based on the measurement of positive oxide
trapped charge in the gate oxide Q,, and interface traps
Oii- O, leads to the shift of I;y-V; curve towards more
negative voltage. The interface charge Q;, also contrib-
utes to this shift and in addition, reduces the slope of
the linear part of the curve due to degradation of the
carrier mobility in the transistors channel [21].

The threshold voltage V; given by [34]

QOX +Qit :VTO +AVT

Vi =V~
[0):¢
where C, is the oxide capacitance per area unit. In the
case of p-channel MOSFET (RADFET) both O, and
Oj; are positive and add to define AV, i. e., both effects
result in a negative shift of the threshold voltage.
The physical mechanisms leading to the creation
of positive oxide trapped charge and interface traps
during irradiation have been studied for many years
[20, 35, 36] and here we will discuss only the main fea-
tures required for their understanding. Namely,
gamma and X-ray irradiation generates electron-hole
pairs in the oxide, and the fraction of them which es-
cape initial recombination is accelerated toward the
electrodes. Under positive gate bias, electrons migrate
toward the gate and holes being slower migrate toward
Si0,/Si interface. During the migration some holes
can be captured in defects in SiO, structure, which are
mainly located near SiO,/Si interface, and behave as
hole traps. The result is a buildup of a relatively stable
positive oxide trapped charge density. Probably as a
result of the liberation of hydrogen ions in oxide dur-
ing irradiation, interface traps are also created [25].
Our earlier investigations [24] have shown that
the irradiation of RADFET with gamma-ray irradia-
tion leads to the formation of positive oxide trapped
charge which is ten times greater than interface traps
density. Because of that, the influence of interface
traps can be neglected in threshold voltage shift
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change. It is known that the number of created positive
oxide trapped charge rises with the number of holes
which avoid the recombination with the electrons and
this process depends on gate polarization during irra-
diation, V. For V,,, =0 (figs. 2 to 5), the electric field
in the oxide is only a consequence of the work function
difference between the gate and substrate (the
zero-bias conditions are equal to the gate bias of
0.3 V), so the probability for electron-hole recombina-
tion is higher than in the case when ¥V, =5 V. Namely,
for V., =5V the large number of holes will escape the
initial recombination, which increases the probability
for the creation of positive oxide trapped charge. Such
increase is manifested through the increase of thresh-
old voltage shift for the same value of irradiation dose,
which can be clearly seen in figs. 2 to 5.

Larger values of AV, when RADFET were irra-
diated by X-rays (fig. 4) then in the case when they
were irradiated by gamma-rays (fig. 3) are a conse-
quence of different formation of positive oxide
trapped charge density. During gamma irradiation the
primary ionizing mechanism is Compton's effect and
its influence on formation of oxide trapped charge
density is considerably smaller than in the case of
X-rays irradiation when there is a mixed influence of
Compton's effect and photo-effect. It should be em-
phasized that our results (figs. 3 and 4) are in agree-
ment with earlier investigations of clinical semicon-
ductor dosimetry system (CSDS) MOSFET irradiated
by X-rays whose photon energies were 36 keV, 123
keV, and 1.4 Mev [36]. It was shown that the decrease
of X-rays irradiation energy leads to the increase of
threshold voltage, so it can be concluded that the
photo-effect contribution to the positive oxide trapped
charge formation is much bigger than the contribution
of Compton's effect. Such conclusion is in agreement
with the results presented in figs. 4 and 5, where it can
be seen that threshold voltage shift for gamma-rays ir-
radiation up to 50 Gy dose and X-rays irradiation dose
of 5 Gy are approximately the same for V. =0V, while
for V,,,=5 V threshold voltage shift for X-rays irradia-
tion is about 4 V higher than in the case of gamma-ray
irradiation.

CONCLUSIONS

The sensitivity of RADFET manufactured in
Tyndall National Institute, Cork, Ireland with 1 pm
thick gate oxide to gamma-ray irradiation for radiation
dose ranges 0-1 Gy, 0-5 Gy, and 0-50 Gy as well as for
X-ray irradiation for radiation dose range 0-5 Gy has
been investigated. Because average photon energy is
1.25 MeV the primary ionization mechanism is
Compton's scattering. The photon energy of X-ray ir-
radiation used in our experiments was 140 keV, so
there was a mixed influence of Compton's scattering
and photo-effect. The sensitivity of studied devices

was based on threshold voltage shift determined from
reader circuit measurements. These results show that
for considered dose ranges of gamma and X-rays there
is approximately a linear dependence between thresh-
old voltage shift and absorbed dose, which shows that
the sensitivity for considered radiation dose ranges
can be expressed as a ratio between threshold voltage
shift and radiation dose. The application of positive
bias on the gate, V. =+5V, leads to the sensitivity in-
crease of these devices. The results have also shown
that the sensitivity is greater when RADFET are irradi-
ated by X-rays than by gamma-rays for the same dose
range. The explanation for such behavior can be found
in the fact that mixed influence of Compton's scatter-
ing and photo-effect leads to the formation of greater
density of positive oxide trapped charge than in the
case when only Compton's effect exists.

Due to the high sensitivity of considered compo-
nents to X-rays irradiation it can be expected their sat-
isfactory sensitivity for lower radiation doses than the
ones used in this paper. Our further investigations will
be focused to lower doses of X-rays irradiation, below
1 cGy in order to investigate the RADFET application
in dose range used in radiology.
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Oparan CTOJAHOB, Omsepa ®@. IIMPAJ-BJEJIAILL

OCET/bBUBOCT PAN®ET TPAH3UCTOPA 3A NO3E 'AMA
N X-3PAYEIbA KOJE CE KOPUCTE Y MEIUIINHU

Y oBOM pajy nmpukaszaHu cy pe3yaTaTu Be3aHu 3a oceTibuBocT PANIPET-oBa Ha rama u X-
3paueme. Kao u3Bop rama spauema kopuihen je ®°Co u o3paunpame je ypabeHo 3a Tpu omcera jo3a
(0-1 Gy, 0-5 Gy, u 0-50 Gy) kao u n3Bop X-3pauema 280 kVp 3a oncer no3a ox 0-5 Gy. Kapakrepnzanuja
OCET/BUBOCTH je BpIlIEHa Ha OCHOBY IOMepaja HamoHa npara AV, ofgpebena u3 Mepemwa HamoHa npara y
jeTHOj TauKM CTPYjHO-HAMIOHCKE KapaKTepUCTUKe, Kao (pyHKImje ancopboBane no3e D. [TokazaHo je fa 3a
TPH OTICeTa JJ03€ TamMa 3pavera Kao 1 3a oncer go3e X-3pademna o1 0 10 5 Gy mocToju npudImKHO TNHEeapHa
3aBUcHOCT u3Meby AV u D. [Ipumena no3uTuBHe nojapusanyje Ha rejry og +5 V PAII®ET-oBa goBoau 10
nopacra BpegJHOCTH AV 1 Takobe MOCTOju NPUOIMKHO TUHEpHA 3aBUCHOCT u3Meby AV u D. Ocum Tora je
nmokasaHo fa je ocetspnBocT PAJI®ET-oBa 3naTHO Beha y criyuajy o3paunBama X-3panuma HEro rama
3panuMa 3a UCTH OIICET [03€.

Kwyune peuu: PAADET, zama 3paqerse, X-3pauetbe, UpomeHa HAlOHA tipaza, 003a 3paierba




