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Abstract—In this paper the influence of temperature fluctua-
tions on the response of thick gate oxide metal oxide semiconductor
dosimeters is reviewed and the zero temperature coefficient (ZTC)
method is evaluated for error compensation. The response of
the ZTC current to irradiation is studied showing that the error
compensation impoverishes with absorbed dose. Finally, an expla-
nation and analytic expression for the shifts in the ZTC current
with irradiation based on the interface traps creation is proposed
and verified with experimental data.

Index Terms—Dosimetry, ionizing radiation sensors, MOS de-
vices, radiation effects, temperature.

I. INTRODUCTION

M OS dosimeters are p-channel metal-oxide-semicon-
ductor field effect transistors (MOSFETs) where the

shift in the threshold voltage is used to estimate the
absorbed dose [1], [2]. This shift in is mainly a consequence
of positive charge build-up caused by the interaction between
ionizing radiation and the gate oxide [3], [4].

One difficulty associated with MOS dosimetry is that the ac-
curacy of the sensor is determined by temperature variations
during measurements, as the read out voltage is temperature de-
pendent [2], [5]–[7]. In high dose measurements, these fluctu-
ations may be negligible, whereas in low dose measurements,
such as radiotherapy sessions, the MOSFET temperature sen-
sitivity may introduce significant errors in the dose evaluation.
To reduce the temperature error, four techniques are proposed
in the literature [6], [8]:

• Characterize the sensor response to temperature for later
correction [9].
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• Integrate a temperature sensor whose reading automati-
cally corrects the MOSFET reading [5].

• Perform differential measurements using two MOS sensors
[9]–[11].

• Fix the measurement current to the minimum temperature
sensitivity current, known as the zero temperature coeffi-
cient current [6], [12].

In this paper we investigate the performance of the zero tem-
perature coefficient (ZTC) technique in dose measurements.
The error minimization is studied as well as the robustness
of the technique against radiation since the exhibits
a non-negligible dependence on the total accumulated dose.
An explanation for these shifts in with irradiation is
proposed, which shows to be consistent with the presented
measurements.

II. STANDARD MEASUREMENT TECHNIQUE

AND TEMPERATURE AS AN ERROR SOURCE

The exposure of a MOSFET to ionizing radiation affects a
number of physical parameters of the device. The threshold
voltage shift [13]

(1)

where is the oxide capacitance per unit area, is the dis-
tance from the gate electrode to the - interface,
is the oxide thickness, is the trapped charge density
within the gate oxide, and is the interface traps density
creation; and the carrier mobility [4]

(2)

where is the pre-irradiation carrier mobility, and is a tech-
nology dependent parameter; these are the main effects to be
considered in this study as they correlate with the oxide charge
density and the interface traps, respectively.

The positive charge build-up (PCB) is related to hole trapping
in the oxide bulk [3], and the interface trap creation
may be a consequence of hydrogen ions release during hole trap-
ping [14]. For p-channel MOS transistors (pMOSFETs), both
phenomena cause a negative shift in the threshold voltage. This
shift in allows the use of MOS transistors as total ionizing
radiation dose sensors.
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Fig. 1. Schematic circuit of (a) “Measurement Configuration” used to read �
and (b) “Bias Configuration”.

A. Standard Measurement Technique

The standard use of MOS dosimeters consists in tracking
shifts during or between irradiations. For this purpose, a con-
stant reference current is usually injected in the device
channel and the gate-to-source voltage read is used as the value
of [2], [15]. is chosen so that the device should work in
the transition between the weak inversion (or subthreshold) and
strong inversion regime. In order to improve the sensitivity to ra-
diation, a constant positive gate bias is applied during
irradiations [2] and between readings. The dosimeter elec-
tronics switches the sensor between “Measurement” and “Bias
Configurations” (see Fig. 1).

The sensitivity of the sensor to radiation is the variation
in with the dose, and for low dose measurements can be
considered constant [5]. Then

(3)

where is the absorbed dose.

B. Temperature Effects on MOSFETs and Dose
Measurement Error

Temperature fluctuations affect several physical parameters
of the MOS transistor, which impact on the electrical behavior
of the device [6], [16], [17]. Experimental measurements show
that the threshold voltage varies linearly with the temperature as
[16], [17]

(4)

where is the threshold voltage temperature coefficient, which
is constant and positive for pMOSFETs.

The carrier mobility, in turn, decreases with increasing
temperatures

(5)

where is an exponent which varies from 1.6 to 2.4 [6], [17].
For a given drain current , the gate to source voltage of

a pMOSFET is given by

(6)

which is temperature dependent. The temperature coefficient (or
temperature sensitivity, ) can be defined as [12], [16]

(7)

When using MOS dosimeters in a non-controlled temperature
environment, the slightest temperature variation may induce a
shift in [5], [18]; hence, a measurement error is introduced.
As explained in the earlier section, the measured is defined
as the gate to source voltage at a reference drain Current

(8)

where is the value of the threshold voltage before irradia-
tion, and are the radiation and temperature
induced shifts in the threshold voltage, respectively. Then, the
absorbed dose would be mis-estimated

(9)

where the ratio gives some insight of the temperature in-
duced estimation error. According to (9), to minimize this error,
it is necessary for the device to be as insensitive to temperature
as possible. The ZTC method was studied in this regard.

C. ZTC Reference Current

The ZTC reference current is defined as the drain current for
which the temperature sensitivity of the MOS transistor is zero
[12], [16]. From (7)

(10)

implies

(11)

Differentiating and replacing (4) and (5) into (11)

(12)

Equation (12) shows that the is temperature dependent;
hence, a constant does not strictly exist. Nevertheless,
since the parameter is approximately 2, the temperature de-
pendent factor - is very close to 1, and the is
quasi-constant in a limited temperature range. Conversely, when
the current-voltage (I–V) curves are closely examined near the
ZTC condition, it can be seen that there is a bounded range of
currents for which the temperature sensitivity is minimum. For
this reason, some authors call it the minimum temperature co-
efficient (MTC) current.

III. EXPERIMENT, RESULTS, AND MODELING

To study the efficiency of the ZTC method as a temperature
compensation technique, the radiation and temperature response
of three 140 nm oxide thick pMOSFETs were characterized.
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Fig. 2. Response of the sensor under test to radiation. The 140 nm dosimeter
was exposed to a �� �-source with a dose rate of 360 Gy/min for
characterization.

First of all, the sensors were exposed to a -source with
a dose rate of 360 Gy/min, in order to study their sensitivity to
radiation. During irradiation, the transistors were connected in
Bias Configuration [as in Fig. 1(b)] holding an 8 V gate voltage.
The threshold voltage evolution was tracked every five seconds
switching to Measurement Configuration [as in Fig. 1(a)] for
less than 100 ms, with an arbitrary reference current of .

The temperature dependence of the samples was investigated
recording I–V curves at different temperatures (from 10 to
55 in steps of 15 ) for later recognition of the ZTC cur-
rent. The devices were heated or cooled with a Peltier Cell and
a dedicated temperature control equipment with an uncertainty
of 0.2 . The shift in with temperature was also tracked
connecting the sensors as in Fig. 1(a) while changing the tem-
perature of the devices. The experiment was performed repeat-
edly with different to study how the sensitivity to tem-
perature of the devices changes. These experiments were per-
formed without exposure to radiation.

Finally, several irradiations were performed exposing the
samples to a -source with a dose rate of 0.5 Gy/min
holding the gate bias at 8 V to track the shift in with the
absorbed dose. The ZTC current was determined between the
radiation sessions repeating the I–V measurements at different
temperatures.

A. ZTC Reference and Error Minimization

Fig. 2 shows the response of one of the devices under test
to radiation. For low dose measurements, a constant sensitivity
of 39.4 mV/Gy is obtained. On the other hand, the same de-
vice shows a temperature sensitivity of 1.6 mV/ , at an arbi-
trary of , as shown in Fig. 3. Under these circum-
stances, the sensitivity ratio results in an error of 40.6
mGy/ , which can be unacceptable in strict low dose applica-
tions such as radiotherapy.

Fig. 4 shows the determination and the advantage
of choosing for the reference current. The depen-
dence of the temperature induced error on the chosen value of

is plotted in Fig. 5. This error changes about 5
per of change in . As expected, reference currents
lower than result in a positive temperature coefficient,

Fig. 3. Response of the sensor under test to temperature at an arbitrary ref-
erence current of ��� ��. The inset shows the temperature pulse used for
characterization.

Fig. 4. Close view of the Current-Voltage characteristic at different tempera-
tures of a pMOSFET used as dosimeter. The existence of a ZTC biasing current
is revealed. The inset shows the complete I–V curves.

whereas higher currents result in a negative temperature coef-
ficient. When the device is working in the ZTC condition, i.e.,

, the temperature sensitivity is zero over the
whole measured interval, but it exhibits very small oscillations
with a local maximum value of 83 , hence the maximum
dose estimation error extending for no more than a few is
reduced to 2.1 mGy/ .

B. Radiation Effects on and Its Impact on the
Measurement Error

In the previous subsection, it was shown that the ZTC method
achieves temperature error compensation. But is it a radiation-
hard technique? It has been reported in [5], [6], [12], and [18]
that radiation affects the ZTC current, but there is no informa-
tion about the magnitude of this effect.

To study how the changes with the absorbed dose, the
dosimeters where irradiated in short sessions until the total ab-
sorbed dose was 1 Gy, 2 Gy, 10 Gy, and 20 Gy. The irradi-
ation conditions were explained earlier in this section. Before
and after each irradiation session, the was determined as
in Fig. 4.

Fig. 6 shows the ZTC current shift with the dose, where the
error bars indicate the difficulty in the determination of the

. This indeterminacy is a consequence of the temperature
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Fig. 5. Response of the sensor under test to temperature at different reference
currents. It is shown that when the reference current coincide with the ZTC
current, the change of � with temperature is minimum.

Fig. 6. ZTC current variation with absorbed dose. The error bars represent the
minimum and maximum current for which the I–V curves at different temper-
atures cross each other, whereas the circles represent the mean value between
these two quantities.

dependent factor in (12) and it is exhibited as multiple crossing
points of the I–V curves at different temperatures. The error
bars boundaries represent the higher and lower current for
which these curves cross and the circles in the figure are the
mean value of these currents. It can be seen that the
decreases with the absorbed dose, but not at a constant rate. A
rapid decrease in the first few Grays is followed by a slow re-
covery after approximately 10 Gy. In addition, the ZTC current
indeterminacy increases with the absorbed dose. This behavior
was exhibited in the three samples under test. All of them had
a similar pre-irradiation , with inner sample dispersion
lower than 3%, and an analogous response to irradiation, but at
different scales.

This decrement in the ZTC current intensity impacts on the
temperature induced error increasing it. During the threshold
voltage measurement, the reference current remains constant,
whereas the ZTC current is affected by radiation. Therefore,
the temperature sensitivity increases as the device is irradiated,
along with the temperature measurement error. For the sensor
under test, the is reduced in almost 50% of its initial
value. Fig. 7 shows a close view of the I–V curves at different
temperatures after 20 Gy of absorbed dose. The initial and the

Fig. 7. Close view of the Current-Voltage characteristic at different tempera-
tures of the sensor under test after 20 Gy of absorbed dose. It is shown how the
ZTC current changes with radiation and its impact in the temperature sensitivity
if the reference current is not updated.

ZTC current after radiation are marked, showing the tempera-
ture sensitivity increment. If the reference current is not periodi-
cally calibrated, the temperature sensitivity increases up to 0.77
mV/ , and the measurement error to 19.5 mGy/ , more than
one order of magnitude larger than the corresponding value be-
fore irradiation.

C. Modeling the Radiation Induced Shifts

Equation (12) can be simplified assuming that

(13)

The only parameter in (13) that is affected by irradiation is
the charge carrier mobility in the transistor channel, as it has
not been reported that is radiation sensitive. The interface
traps creation lowers the carrier mobility according to (2), which
is consistent with the ZTC current decrement. Replacing (2) in
(13), a mathematical expression for the dependence of the ZTC
current with the is obtained:

(14)

where is the pre-irradiation ZTC current.
To verify (14), the build-up was measured after each

irradiation session using the Subthreshold Swing Method [4].
The method correlates generation with the variations in the
Subthreshold Slope of the I–V curves of the device

(15)

where is the Boltzmann constant, is the temperature, and
is the change in the Subthreshold Slope.

As the measurement of the I–V curves of the sensors takes
several seconds, it is possible for border traps to affect them
[19]. Taking this into account, the estimated values for
should be considered effective values for all traps near the
interface.

Fig. 8 shows the build-up with dose at 25 . The
error bars represent the uncertainty of the Subthreshold Slope
determination.
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Fig. 8. Interface traps creation with absorbed dose calculated with the Sub-
threshold Swing Method. The error bars represent the uncertainty in the deter-
mination of the Subthreshold Slope.

Fig. 9. Correlation between the ZTC current variations and the�� . Circles
represent the measured values whereas the solid line is the fitted expression with
parameters � and �.

Finally, the variation of the after each radiation ses-
sion was plotted against the corresponding build-up, and
fitted with (14). The results are shown in Fig. 9, where it can
be seen that the analytic expression proposed fits the measure-
ments, within the determination error of both variables.

IV. DISCUSSION AND CONCLUSION

The ZTC method for temperature error compensation in MOS
dosimeters was studied. In particular, its robustness against ra-
diation was investigated. The method is based in the opposite
response to temperature of the build-in potential and the car-
rier mobility in the transistor channel. When applied to MOS
dosimeters, it showed to successfully mitigate the temperature
induced error.

When the sensor is exposed to radiation, a shift in the ZTC
current is observed. As a consequence of this shift in with
irradiation, the reference current during measurement is no
longer the optimal for temperature error compensation, and the
temperature sensitivity of the device increases along with the
measurement error. Measurements show that after 20 Gy of ab-
sorbed dose, if is maintained constant, the error per

increases one order of magnitude. This confirms the results pre-
sented by [5], [6], [12], and [20].

Not only the ZTC current shifts with irradiation, but also does
the uncertainty of its determination. In the previous section, it
was proposed that the factor was responsible for
the indeterminacy of the —(12) and (13). Sarrabayrouse
et al. suggested that the parameter decreases with radiation
[6]. This is consistent with the results obtained in the present
work, as a lower means that the factor is more
sensitive to temperature variations; thus, the ZTC working point
is more unstable. The build-up of border traps may also have
some responsibility for the indeterminacy increment.

An explanation for the shift in the ZTC current with irradia-
tion was proposed. Analyzing both the evolution with the
absorbed dose and its analytic expression given by (13), it was
concluded that the most possible and simple explanation leading
to this behavior, i.e., lowering the ZTC working point and the
saturation, should be the . Equation (14) is proposed to
model this behavior which reasonably fits the measurements.

The measured dependence of ZTC current with is con-
sistent with (14) giving the change in mobility due to interface
states increase. Nevertheless, it would be useful to have an ex-
pression linking versus Dose, but the latter requires an an-
alytical expression for versus Dose. Reference [21] em-
pirically proposed that for low dose, the increases linearly
with dose, result that in our measurements is observed, within
the measurement uncertainty, in Fig. 8. Thus, a possible dose
dependence of the is

(16)

where is a constant and is the absorbed dose. This ex-
pression should be tested in order to determine the conditions
for its validity.

Taking into account that in fact the does not remain
constant as the sensor is irradiated, two strategies are suggested
to enhance the robustness of the ZTC method as a temperature
compensation technique. The first one is to periodically cali-
brate the sensor. Assuming that the dosimeter is used in low dose
irradiations, i.e., 1 Gy, the shift in should not be signifi-
cant, and the temperature sensitivity after irradiation should re-
main negligible. Nevertheless, to avoid further increment of ,
the measurement current should be updated after each irradia-
tion to the “new” . The second technique takes advantage
of the possible correlation of the ZTC shifts with the . As
the saturates after sufficient absorbed dose, the shifts in
the ZTC current should saturate as well. Therefore, it would be
advisable to pre-irradiate the sensor with enough dose to satu-
rate the . Once the ceases, the dosimeter should be
ready to use and no shift in the ZTC current should be expected.
This technique was suggested and successfully tested in [22].

In summary, the ZTC method is very efficient compensating
temperature induced threshold voltage shifts. Nevertheless, the
temperature sensitivity of the dosimeter increases with the total
absorbed dose. In this paper, we suggest that this variation of the
ZTC bias point is linked to ; thus, to prevent shifts
with radiation, it is recommended that the be saturated
with a pre-irradiation of the sensor.
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