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Abstract: A portable dosimeter based on unbiased MOSFET sensor is presented. Its main characteristics are an
extended linearity range and a notable thermal drift reduction using a unique p-channel MOSFET (pMOS)
unbiased during the irradiation period, allowing the location of the sensor without wires for patient comfort
and easy-to-use. Both features have been obtained with novel procedures of dose reading and signal
processing applied to low-cost commercial pMOS. In this work, a full description of the electronics of the
dosimetry system and the signal processing techniques are drawn. The system has been tested with photons
from *°Co and the complete technical specifications have been obtained. Among them, we can emphasize: i)
dose sensitivity of around 25 mV/Gy; ii) linearity range of more than 50 Gy, with intermediate calibration
each 15 Gy, for each sensor; iii) thermal drift below 3 mGy/°C; iv) resolution below 1cGy; and v) total
uncertainty of £ 9 mGy in the temperature range from 19 °C to 36 °C . We believe that the proposed
dosimeter could be a novel and feasible low-cost alternative to previous commercial dosimetry systems for
radiotherapy monitoring in clinical applications.

field established in the gate oxide and near the
silicon-gate oxide interface. During irradiation, the
structure can be configured without an external
voltage (unbiased mode), or the electric field can be
made larger by applying an external voltage between

1 INTRODUCTION

In the last few decades, MOSFETs (Metal-Oxide-
Semiconductor Field Effect Transistors) have been
used widely as dosimeters due to their small size,

immediate and non-destructive readout, low power
consumption, easy calibration, and reasonable
sensitivity and reproducibility (Holmes-Siedle and
Adams, 1986; Hughes et al., 1988; Soubra et al.,
1994). These desirable characteristics have
promoted the use of this device in different fields
such as spacecraft, radiotherapy, skin dosimetry, and
clinical monitoring (Buehler et al., 1993;
Sarrabayrouse and Siskos, 1998; Benson et al.,
2000; Rosenfeld, 2002; Bloemen et al., 2003; Haran
et al., 2004; Best et al., 2005; Kwan et al., 2008).
Ionizing radiation produces electron-hole pairs in
the MOS structure that are separated by an electric
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the gate and the bulk of the device (biased mode).
The charge accumulated in the structure produces
changes in the electrical parameters that can be
measured experimentally, usually after irradiation,
during the so-called readout period. The electrical
parameter of the MOS transistors most commonly
used as a dosimetric parameter (i.e., the parameter
from which the dose is extracted) is the threshold
voltage (V7), which is the gate-source voltage
necessary to induce channel inversion between the
source and drain terminals. Many works show an
approximately linear dependence between the V7
shift and the absorbed dose in the oxide for p-
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channel MOSFETs (pMOS) (Sarrabayrouse and
Siskos, 1998; Ma and Dressendorfer, 1989; Hughes
et al., 1988).

During readout, the V7 determination can be
carried out by extracting the complete current-
voltage characteristic curve of the device (Asensio et
al., 2006) or by using simpler methods based on
constant current measurements. Basically, the
measurement methods consist in recording the drain-
source voltage while the transistor is being polarized
with a constant drain current, before and after
irradiation. Under this configuration, the source-
drain voltage shifts equals, approximately, the
increase in Vp (Sarrabayrouse and Siskos, 1998;
Asensio et al., 2006; Carvajal et al., 2010).

Most commercial dosimetric systems based on
MOSFETs, measure increases in -~ drain-source
voltage at constant drain current
(Thomson&Nielsen, 1991; Halvorsen, 2005).
Usually, in order to minimize thermal drift, the drain
current selected is the Zero Temperature Coefficient,
I;7¢, because the drain-source voltage is invariant
when temperature  increases. The = dosimetric
parameter used by one of the commercial dosimetric
systems is the difference of the increase in drain-
source voltages of two transistors under different
polarizations. With this arrangement, a wide linear
range and thermal compensation are achieved in the
biased mode (Thomson&Nielsen, 1991). There is
another commercial system based on transistors in
the unbiased mode, but the linear range is up to 5 Gy
and its use is limited to only one irradiation session
(Halvorsen 2005; Sicel Technologies, 2005, Best et
al., 2005).

In previous works (Asensio et al. 2006, Carvajal
et al., 2010; Carvajal et al., 2010b), we showed the
feasibility of using a general-purpose low-cost
pMOS as dosimeter, irradiated in unbiased mode,
with a significant increase in linear range compared
with similar systems and reduced thermal drift.
These improvements are based on gate-source
voltage measurements at three different drain
currents during readout instead of the usual method
with a single polarization current.

Although this work has focussed on the pMOS
dosimeter, it is important to point out that the
proposed methodology could be applied to other
sensors based on MOSFET, such as CHEMFET or
ISFET, where the magnitude under study is
extracted from the threshold voltage. In these cases
(Fraden, 1996), the threshold voltage is also
measured at constant drain current.

In the following section, a complete
measurement system description is carried out,
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including the measurement algoritmh and an
explanation of the electronic system. After this, the
experimental setup used in our experiments is
described. We report experimental results of the
dosimetric  characterization of the dosimeter
presented here and its technical specifications are
shown. Finally, the main conclusions are drawn.

2 DOSIMETER DESCRIPTION

In this section, a detailed description of the
measurement algorithm and the electronic design of
the dosimeter will be carried out.

2.1 Measurement Algorithm

First, the theoretical background of the measurement
process, developed in previous works, will be
resumed (Carvajal et al., 2010; Carvajal et al.,
2010b). This is the basis on which the electronic
design relies-on. The operation method of the dose
measuring of the presented dosimeter is the same of
most previous devices based on MOSFET sensors.
Before the sensor irradiation, an electronic reader
unit measures the electrical characteristics of the
sensor; this is usually named as sensor zeroing (first
readout period). Then, sensor is irradiated
(irradiation period) and, finally, another readout
process is carried out to measure the MOSFET
electrical characteristics shifts caused by the
irradiation. Here during the irradiation period, we
have configured the sensor in the unbiased mode, i.e.
short-circuiting all its terminals and without
polarization, obtaining a sensor without wires in this
period.

During the dose readout under constant drain
current bias, the gate and the drain terminals of the
MOSFET are usually short-circuited and grounded,
and the bulk and the source are also inter-connected
(Sarrabayrouse and Siskos, 1998; Best et al., 2005).
In this configuration, the transistor operates in the
saturation region, where I, -V can be modelled

for pMOS (Sze, 1981):
B

Ip :E(VS_|VT|)Z (1

where the drain current, /,, depends on the source
voltage, Vs, the threshold voltage, V., and the S

parameter, g = 1,C,y T

where u, is the carrier

mobility in the channel, C, is the oxide
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capacitance, and W and L are the channel width and
length respectively.

From Equation (1), the threshold voltage can be
calculated before (pre) and after (post) irradiation:

W =vere - 21, ﬂi (2a)

post post _ [
|V | V ﬁpost

Therefore, the voltage threshold shift can be
calculated as follows:

{ 1 1
A|V[|:AVS—1/21D[ W_ ﬂpre]

If the increase in the source voltage is measured
at two different currents, we can write:

[1 [1
A|V,|=AVSl—1/21D1( W_ ﬁ’”"} (4a)

and

[1 [1
A|V,|=AV52—1/21D2[ S ﬂ”’ej (4b)

where AV is the source voltage shift measured at
Using (4a) and (4b), the

threshold voltage shift can be calculated as (Carvajal
et al, 2010):

(2b)

constant current [, .

AV, —A
Al |= AV +—52—51 Vst
1— ILZ (5)
IDI

With Equation (5), the threshold voltage shifts can
be calculated exactly from the source voltage shifts
instead of approximated to the source voltage, as has
been done until now.

According to equation (5), threshold voltage
shifts can be found from voltage increases measured
with two different currents, separating the
contribution to the source-voltage shifts due to Af

and A|VT|and resulting in an extended linear range

for the sensor (Carvajal et al, 2010). Moreover, if a
third current is applied, a thermal-compensation
method and the extension of the linear range can be
used simultaneously. Two currents are needed to
evaluate equation (5), Ip, and [p,, and an

additional current, /., is required for the thermal

compensation of the source voltage shifts measured
at I, and I, (Carvajal et al., 2010b):

AV = AV +(AVge - AV)) j\/j_ ij_”
C
AV, = AVgy +(AVge — AV, ) j@ VjZ_TC

where I;rc is the current with minimal thermal
coefficient of the threshold voltage. According to
equation (5), we have:

(6)

AV — AV
A‘VTO‘ AV + 2282 20s1
1— Ipy ™
1D1

Evaluating equations (6) and (7) sequentially
allows both the thermal compensation and the
linearity improvement methods to be taken into
account, and provides the thermally compensated
threshold voltage shifts from the source-voltage
increments measured at three different currents. One
need only know the value of /,;- and the intensities

used to polarize the transistor during readout. If one
of the currents, I, or [p,, is equal to I -,
equation (7) is simplified. For example,
if I, = 1,7, the source voltage shifts at /,, are

thermally compensated, and all that is left is to
evaluate equation (7) for AV, and AV, in order to

find AV .

Moreover, polarizing with pulsed instead of
constant currents, most of the 1/f noise is avoided,
obtaining a higher signal-to noise ratio of the
measurement (Carvajal et al, 2010).

2.2 Measurement Electronic System

The dosimetric system consists of a read-out unit
and a set of sensor modules.

The sensor module is based on the commercial
general-purpose pMOS 3N163, which is located on
a printed circuit board (PCB). During irradiation and
storage periods, all the terminal of the MOSFET
must be short-circuited together. In previous works,
we used a power supply jack for this purpose, but
resulted in a sensor module too thick that could
produce radiation shadow areas. For minimizing this
effect in the radiation field, the jack was replaced by
an n-channel JFET (see Figure 1), with SMD case
(surface-mounted-device). We used the MMBF4391
of NXP Semiconductor (Netherland), with a cut off

25



BIODEVICES 2011 - International Conference on Biomedical Electronics and Devices

voltage of -10V and resistance of 30 Q, and it was
welded in the bottom layer of the PCB. This
transistor is normally on and maintains connected
the source and bulk terminals with the drain and
gate. This connection must be opened for zeroing
and voltages shifts measurements. Therefore the
read-out unit has to provide the adequate source-gate
voltage for JFET cut off during the readout process.
When the sensor module is removed from the read-
out unit, the gate capacitance of the JFET is
discharge through a resistor, Rg. Therefore, all the
MOSFET terminals are connected again.

S

PMOSFET
JFET

GiEB /

D

Figure 1: Sensor module schematic.

The readout unit is an electronic system
controlled by a microcontroller (Figure 3). We used
the PIC-16F877 of the mid-range family of
Microchip (USA) due mainly to its low power
consumption, its 10 bits analog-to-digital converter
(ADC), four independent input/outputs ports and
I12C and UART ports. An EEPROM memory is
included in order to storage different parameters of
each sensor module. One reader unit can support up
to 256 different sensor modules. Each sensor module
must be identified for zeroing and for dose
measurements.

Figure 2: Reader and sensor module.

Figure 3 shows the block diagram of the analog
circuitry and the microcontroller. The analog
subsystem consists mainly, in a programmable
current source, an instrumental amplifier and a
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digital to analog converter (DAC). During the
measurements process of the sensor module, the
JFET is cut off, and the programmable source
polarizes the MOSFET at different currents, being
measured the source voltages by the read-out unit.
For zeroing, the microcontroller calculates the DAC
output voltage necessary to reduce the instrumental
amplifier output down to tens of milivolts. The
digitalized source voltages, and the DAC words are
storage in the EEPROM, mapped in EEPROM
depends on the sensor module identification number,
ID. At least, two minutes after the irradiation ends,
the dose measurement can be carried out. The sensor
ID is introduced in the keypad, and DAC words are
restored for each polarization currents. Then, the
source voltage source shift can be calculated. The
calibration parameters are read from the EEPROM,
and the dose are calculated. Finally the results are
shown on the display or can be downloaded to the
computer.

DD

Programable
current

source <¢)/

V,

Vg aconditionating

I circuit

b
PMOSFET [

GﬁE B JUL] imer

D BJT 555

Microcontroller

Figure 3: Block diagram of the analog circuitry.

In addition, during the readout process, the
pMOS current is switched in order to reduce the 1/f
noise and to increase the linearity as Carvajal et al.
2010 shown in a laboratory setup. The collector of a
bipolar  transistor, the BC547 of NXP
Semiconductors (Netherland), is connected to the
source of the MOSFET and the emitter is grounded.
When the bipolar transistor is activated, the current
drains by the BJT, forcing the source voltage of
pMOS to zero. But, when the BJT is deactivated, the
current crosses the pMOS transistor, and then the
source measurement are carried out. The pulse
signal was generated with a timer 555. The PWM
module of the microcontroller was not used because
the PIC was in sleep mode during A/D
measurements to reduce the noise produced by the
crystal oscillator of the PIC.

The readout unit can be configured by a 4x4
keypad or by computer via the USB port. The results
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can be shown on the LCD screen and/or be sent to
the PC (Figure 2).

3 EXPERIMENTAL RESULTS

3.1 Experimental Setup

For the evaluation of the presented dosimetry
system, a total of eight sensor modules were
irradiated with an AECL Theratron 780 located at
the University Hospital of San Cecilio in Granada
(Spain). This is a teletherapy unit with a “)Co source.
All the irradiations were carried out with all four
transistor terminals connected to each other, hence
without bias voltage, in the ‘unbiased’ mode. The
transistors were irradiated with a 40 x 40 cm” field
and were placed at the isocentre, at 80 cm from the
source. Five transistors were used to study the
linearity and measurement range, two for the long-
term fading and the last one for short-term fading.

According to a previous work, the three
polarization currents included in the dosimeter setup
and applied to the sensor during the readout periods
were IDI =30 IJ,A, ID2 = IZTC =225 HA and IC =120
pA . With these current values a thermal drift below
3 mGy/°C has been obtained (Carvajal et al, 2010b).
Moreover, for sensor equalization, an initial pre-
irradiation of 30 Gy was necessary.

3.2 Dosimetric Evaluation

In order to evaluate the dosimetric behaviour of the
dosimeter, the post-irradiation fading and the
linearity range. All these results have been obtained
with equations 6 and 7 included in the signal
processing.

3.2.1 Post-irradiation Fading

The reordering of the MOSFET charge after the
irradiation produces shifts in the dosimetric
parameter, i.e. the voltage threshold, which could
false the dose reading. This effect is inherent to the
transduction principle (measurement of the dose by
the charge creation) and very difficulty avoidable.
However, what you can do is to characterize it to
keep it under control. This has been done with our
dosimeter, measuring the short-term fading and the
log-term fading to give a time period when both are
negligible.

In Figure 4, the short-term post-irradiation
fading is shown for several accumulated dose. In this

figure, the threshold voltage transient (in arbitrary
units) is measured as a function of time.
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Figure 4: Short-term post-irradiation fading.

From Figure 4, we can observe a measurable
transient in the first 60 s and that for long times it is
negligible even at higher accumulated dose. The
long-term post-irradiation fading was measured
every 12 hours, for two sensors with accumulated
dose of 27 Gy in 3 Gy sessions. The threshold
voltage long-term transients are shown in Figure 5.
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Figure 5: Long-term post-irradiation fading.

From Figure 5, a time constant of around one
week was obtained with an exponential fit, in
agreement with reported results (Ma and
Dressendorfer, 1989). Thus, this dosimeter obtains
dose measurements without fading interference at
times longer than 60 s and shorter than a few hours
after the sensor irradiation. Therefore, we have
stated a delay for the measurement between 2 and 3
minutes.

3.2.2 Linearity

One of the disadvantages of using MOSFET sensors
in the unbiased mode is the reduced linearity range
(Sarrabayrouse and Siskos, 1998). With the readout
procedure and the developed instrumentation, this
characteristic has been notably improved. Session
sensitivities (normalized voltage threshold shift,
mV/Gy, per irradiation) are depicted in Figure 6. In
Figure 7, the accumulate threshold voltage shifts as a
function of the dose up to 52 Gy are shown for five
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sensors, where the first 30 Gy have been subtracted
and used as pre-irradiation dose for sensor
equalization and to improve the sensitivity stability
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Figure 7: Accumulated threshold voltages shifts versus
accumulated dose.

From figures 6 and 7, several remarks can be
extracted:

i. A pre-irradiation of 30 Gy is necessary for
equalization.

ii. After pre-irradiation, a good linearity is observed
iii. Intervals of accumulated dose of 15 Gy produce
linearity errors below 5%

iv. User recalibration every 15 Gy are needed to sure
good accuracy for extended linear range up to 52 Gy
with a unique sensor.

3.2.3 Technical Specification

In Table 1, the main technical specifications of the
presented dosimeter are resumed:

Table 1: Dosimeter technical specifications.

Temperature range 10 —40°C
Resolution 1 cGy
Accuracy +3%
Linear range S ISSOGG};*
Thermal drift <3mGy/°C
Delay after irradiation 2 — 3 minutes

* with recalibrations every 15 Gy.
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4 CONCLUSIONS

A novel dosimeter based on MOSFET sensor is
presented, suitable for radiotherapy monitoring. In
the same instrument, main advantages of previous
commercial equipment have been joined such us low
thermal and fading interference, enough resolution
and accuracy for clinical usage, extended linear
range and portable reader with wireless sensors.
Moreover, these features have been obtained with a
low-cost commercial MOSFET instead of expensive
and dedicated radiation sensor based on MOS
technology.

Regarding with future works, preliminary results
with LINAC irradiations (6 and 18 MV) are quite
promising. Build-up layer needs to be increased as
energy photons increases but general performance is
similar to the presented results for Cobalt source.
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