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We investigated the recharging process of commercial floating gate device (EPAD) during the six different dose
rates and ten irradiation cycles with the highest dose rate. Dose rate dependence of the floating gate dosimeter
was observed from 1 Gy/h to 26 Gy/h (H20). There is no change of the dosimetric characteristic with a constant
dose rate of 26 Gy/h for ten cycles. The absorbed dose does not affect the drift of the threshold voltage readings
after the irradiation steps. The reprogramming characteristic is not degrading with the absorbed dose for the ten
irradiation cycles, giving the promising potential in the application for dosimetric purposes.

1. Introduction

Different types of ionizing radiation-sensitive dosimeters have
emerged during the development of technology from traditional thermo-
luminescent detectors [1], through radiation field effect transistors
(RadFET-s) [2-4], ionizing chamber based dosimeters [5,6], MOS-
capacitance based sensor [7] and floating gate structures [8-11]. Spe-
cial floating gate sensor with zero bias operation and reprogramming
capabilities has been designed in a standard 0.6 p CMOS technology by
the group of authors from CERN in collaboration with IC Malaga
[12-15].

A specific commercial component that has an n-channel MOS tran-
sistor with a floating gate called Electrically Programmable Analog
Device (EPAD) is a product of Advanced Linear Devices, Inc. An EPAD
has an exceptional adjustment of threshold voltage value, and it is
designed for matched-pair balanced circuit configurations, such as
current sources and current mirrors and in all applications where precise
voltage adjustment is needed. A group of authors from United Kingdom
used this device as a radiation dosimeter [16,17].

Realising the floating gate dosimeter's great potential, we based our
research on the ALD1108E integrated circuit, which consists of four

EPADs on a chip manufactured by the same company [18]. So far, we
have investigated the sensitivity of EPADs to gamma radiation with zero,
static and dynamic bias at the control gate, the effect of absorbed dose
and gate biasing on reprogramming characteristic, spontaneous recov-
ery and annealing after irradiation [19,20]. The impact of reprogram-
ming EPAD between irradiation phases has not been investigated so far.
This paper aims to examine the behavior of floating gate MOS transistor
during the irradiation and reprogramming cycles for the same and
different dose rates and whether a commercial component intended for
entirely different purposes can achieve the level requirements of a
professional dosimeter.

2. Electrically programmable analog device

The EPAD structure consists of a main and a charging transistor; they
have a common floating and control gate, as shown in Fig. 1.

The floating gate is surrounded by oxide. Between control and a
floating gate, there is interpoly oxide, and between the floating gate and
substrate, there is field oxide. The floating gate has a large area above
the thick (field) oxide whose role is to be a large reservoir of electrons, as
well as that the charge stored at the floating gate does not leak over time
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Fig. 1. Electrical schematic and cross section of EPAD structure.

so that the device has a stable threshold voltage value.

The charging transistor has a thin oxide (tunnel oxide), and its role is
to be used for charging the floating gate with electrons (programming).
Electrons are attracted from the charging transistor's channel to the
floating gate by a strong electric field from the control gate. All residual
charge that can remain in the tunnel oxide traps or at the interface be-
tween the oxide and the channel after the programming does not affect
the main transistor, which gives a great advantage to this structure
because monitoring and charging processes are separated. Another
advantage of this structure is the thick field oxide below the floating gate
that will generate a large amount of electron-hole pairs because the
radiation-generated charge depends on the oxide thickness during
irradiation [21]. Basic three mechanisms which could cause a threshold
voltage decrease (shift) during irradiation [22] are shown in the energy
band diagram of the EPAD structure with charged floating gate (Fig. 2).

The coloured numbers in parentheses in Fig. 2 denote the following
mechanisms [22]:

1. Injection into the floating gate of the positive charge generated by
ionizing radiation in the field and interpoly oxide (surrounding ox-
ides). Since the field oxide is much thicker, its influence on the
generation of electron-hole pairs is much greater than interpoly
oxide.
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Fig. 2. Three mechanisms responsible for threshold voltage shift during irra-
diation shown in the energy band diagram of the EPAD structure with charged
floating gate.

Microelectronics Reliability 126 (2021) 114322

2. Positive charge trapping in the surrounding oxides. As shown in the
Fig. 2, a larger amount of trapped charge remains in the field oxide
near the floating gate than in the interpoly oxide because of its
different thicknesses. In the first and second mechanism, electrons as
faster particles compared to holes under the influence of an electric
field from the floating gate are blown away towards the substrate or
the control gate where they recombine. Although the first two
mechanisms are physically different, from the engineering perspec-
tive, the amount of charge in the floating gate and its surroundings is
reduced by direct recombination as in the first mechanism, or its
electric field is neutralized in the second mechanism.

3. Photoemission. Electron emission over the polysilicon/oxide bar-
riers. Captured electrons in a floating gate receive enough energy
from high-energy photons to surmount the potential barrier and
become free by reducing the floating gate charge.

Described mechanisms apply to all floating gate devices, but floating
gate memories differ from the EPAD, since their design has no field oxide
and large floating gate area, and therefore their sensitivity to ionizing
radiation is much lower [23].

3. Initial programming of floating gate structure

All EPADs are programmed at the factory to the threshold voltage
value of 1 V. Initial programming characteristics before irradiation from
1V to 4V are shown in Fig. 3.

It can be noted that all EPADs have the same dependence of the
programming time required to shift the threshold voltage, but there is a
large range of programming time that is varying even at the same chip.
Based on a large number of samples, it was obtained that programming
time can vary from 15 to 38 min for 1 V to 4 V threshold voltage shift.

Sub-threshold characteristics of EPAD at approximately equidistant
steps during programming are shown in Fig. 4. Analysing the sub-
threshold characteristics for the main transistor, it is found that the slope
does not change during the programming process, indicating no residual
charges at the interface between the oxide and the channel. Software for
analysing was written in GNU Octave [24]. It is based on midgap sub-
threshold technique used for separation of oxide, and interface traps
of subthreshold characteristics of MOS transistors [25]. Unfortunately,
this software cannot distinguish the charge on the floating gate and
electrons trapped in the oxide.

Threshold voltage drift after programming process for two EPADs on
the same chip is shown in Fig. 5.

It is observed that the threshold voltage value decreases over time
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Fig. 3. Programming characteristics of EPADs.
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Fig. 4. Sub-threshold characteristics of EPAD during programming.
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Fig. 5. Threshold voltage drift of EPADs after programming process.

after programming because there are residual electrons that can gain
sufficient energy to become detrapped. We assume that these electrons
are at the boundary between the oxide and the floating gate (poly-
silicon). Relaxation time is typically about 2 h after the programming for
ALD1108E [26].

4. Recharging of floating gate in radiation dosimetry

The experiment was performed using a Co-60 gamma radiation
source in controlled laboratory conditions at the Institute of Nuclear
Sciences “Vinca”, Belgrade, Serbia. EPAD was irradiated at six different
dose rates with the same absorbed dose (Fig. 6), and after each irradi-
ation step, there was a reprogramming step. After that phase the same
EPAD was irradiated with nine more cycles of the highest dose rate
(Fig. 7).

During each cycle, the component received the same absorbed dose
of 470 mGy. The sensitivity of floating gate dosimeters decreases with
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Fig. 7. Ten cycles of irradiation at 26 Gy/h dose rate.

discharging of the floating gate during irradiation [20]. Reprogramming
has the role of returning the transistor to the initial value of the
threshold voltage so that in each cycle the transistor has the same
starting point.

In Fig. 6 a change in slope for different dose rates can be observed.
From 5 to 20 Gy/h an approximately linear increase of EPAD sensitivity
is noticed. On the other hand, in Fig. 7 where is a constant dose rate of
26 Gy/h for ten cycles, the sensitivity value of EPAD oscillates around a
mean value of 10.44 mV/Gy with a standard deviation of 0.19 mV/Gy. If
we now analyze in more detail the dependence of EPAD sensitivity on
the dose rate from Fig. 6 with the added error from the calculated
standard deviation (presented in Fig. 8), it can be concluded that the
sensitivity of EPAD has a tendency to increase with the dose rate. In the
absence of results, the standard deviation value for the highest dose rate
was taken for other values to give an impression of the magnitude of
errors that may occur and determine whether there is a tendency of
increasing the sensitivity of the component with the dose rate.

Threshold voltage shift (drift) before and after the irradiation step at
26 Gy/h dose rate is shown in Fig. 9.

It clearly can be distinguished when the radiation source is turned on
and when it is off. The threshold voltage shift during irradiation is linear
because of the low absorbed dose. Analysing the threshold voltage shift
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(drift) after the absorbed doses of 0.46 Gy, 2.78 Gy and 7.64 Gy in the
Fig. 10 no difference can be observed. However, compared with the
threshold voltage shift immediately after a non-irradiated device's pro-
gramming process, a more considerable drift can be observed. It can also
be noticed that the threshold voltage shift value after absorbed doses
saturates to an average value of 0.06 mV for the first 80 s.

One of the most important characteristics of dosimeters is the min-
imum dose that can be detected. We have calculated the minimum
detectable dose to be 52 mGy at a signal to noise ratio of 5. The noise was
estimated from the maximum residual error of the linear fit to the
sensitivity data. Fig. 11 shows the measured data for a dose rate of 1 Gy/
h and linear fitting function for the absorbed dose of 52 mGy.

This noise comprises the voltage resolution of the measurement in-
strument. How all measurements of the transistor were performed at its
zero temperature coefficient point of 64 A the temperature drift can be
neglected. The component sensitivity for this dose rate was calculated as
9.49 mV/Gy, considering the saturated drift value of 0.06 mV, the
minimum value of the absorbed dose uncertainty was obtained to be
6.32 mGy which is 12.15% of the minimum detectable dose.

Irradiation and recharging steps for ten cycles with the constant dose
rate are shown in Fig. 12. The reprogramming characteristic is not
degrading with the absorbed dose because the programming time is
within an acceptable range determined on pristine devices. Reprog-
ramming characteristic can be defined as the time required to reach the
set value from the initial value of the threshold voltage by charging the
floating gate with electrons by programming electronics system.

Non-ideality in the reprogramming characteristic, which can be seen
in Fig. 12, such as overshoots or undershoots of the programmed
threshold voltage values, are a consequence of bad value readings,
which were later solved by software. The problem lies in reading
threshold voltage value several times in a row, and bad values such as
overshoots or undershoots are not taken as the real threshold voltage
value. Unfortunately, this problem was later noticed, so in these results,
a higher or lower threshold voltage value at the beginning of the new
cycle can be seen.

5. Discussion

Comparing the drift values after programming the non-irradiated
component with the drift values after irradiation, it can be observed
that the drift value is greater after programming than after irradiation,
which means that structural defects during irradiation are significantly
smaller than the residual charge that occurs after programming, which
shows that this component due to its special floating gate design is well
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Fig. 12. Ten cycles of irradiation and recharging with the 26 Gy/h dose rate.

resistant to defects caused by gamma radiation.

In this paper, it was found that the reprogramming characteristic
does not change during the reprogramming cycles, which indicates that
are no defects created in the tunnel oxide of the charging transistor that
can create electron scattering and increase programming time, which
was observed for higher absorbed doses in the earlier publication [19].

One of the most exciting results is the dependence of EPAD sensi-
tivity on the dose rate. The group at CERN also measured an increase in
the sensitivity of the floating gate dosimeter for a higher dose rate,
which can be seen in the paper [14] (Fig. 2). To the best of our knowl-
edge, we did not find an explanation for this phenomenon in the liter-
ature. Based on the results, we can conclude that a larger amount of
photons per unit of time (high dose rate) excites a larger amount of
electrons than the same amount of photons would do in a longer period
(low dose rate). For a higher dose rate more energy is deposited in the
material per unit time than for a lower dose rate, and therefore it can be
concluded that at higher deposited energy per unit time more electrons
get enough energy to overcome the energy barrier of the floating gate
than at lower deposited energy for the same total deposited energy
(absorbed dose).

However, the sensitivity value of EPAD during ten cycles with the
same dose rate shows no tendency to increase or decrease. Value
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oscillations during repetition indicate the sensitivity error needs to be
calculated in the final absorbed dose reading of this dosimeter. On the
other hand, this result shows what the group at CERN with its custom
floating gate sensor also showed [14], that semiconductor sensors with a
floating gate structure can be used multiple times with the same dosi-
metric characteristic, which is very important for the application of
these dosimeters.

EPAD has very promising features compared to other commercial
floating gate-based components such as Flash Memories. It has been
shown that a Flash memory chip in 20 nm technology can detect an
absorbed dose of 1Gy [27]. Further tests of the reliability of the EPAD,
the maximum number of cycles, the influence of the dose rate on the
sensitivity at a larger dose rate range and the degradation of the
reprogramming characteristic at higher absorbed doses need to be done.

The requirements of a professional dosimeter are detection as low as
possible minimum detectable dose, very accurate dose readings at the
position where it is worn or placed, reading in the field in real-time so
user can avoid the dose of concern, miniature dimensions, minimal
maintenance, reproducibility, operating in a low power mode and in-
dependent of the harsh environmental conditions such as temperature,
humidity and pressure [28].

Semiconductor dosimeters have miniature dimensions and therefore
can have accurate dose readings at the position they are worn or placed
if they are monolithically integrated with a reading circuit [15] or work
in a passive regime measurement. They are also maintenance-free, tends
to be low-power, and with military-grade quality packaging can be
protected from certain environmental conditions, such as humidity and
pressure. The dose value reading can be temperature independent if
certain properties of the semiconductor component are used, such as the
zero temperature coefficient point (ZTC) for MOSFET based dosimeters
[29]. Comparison of four most common semiconductor dosimeters is
given in Table 1.

The PIN diode cannot be used as a passive dosimeter because it is
used in current mode, so its output current depends on the dose rate
[32]. The highest sensitivity of the PIN diode is with the reverse bias
when there is a complete depletion of the intrinsic region. Temperature
independent of the device is long as the reverse bias voltage exceeds the
saturation voltage [33]. pMOS dosimeter (RADFET) is a transistor with
thick oxide, which is sensitive to radiation due to the generation of
electron-hole pairs in the thick oxide. The holes remain trapped in the
oxide, and their electric field causes the threshold voltage to shift. It is
most sensitive to positive bias at the gate, and it can work at zero tem-
perature coefficient point (ZTC) and thus be independent of the tem-
perature influence; due to the very thick oxide (1 pm), it cannot be
monolithically integrated with other circuits. Also, RADFETs cannot be
reused [31,34,35]. Direct Ion Storage (DIS) is a hybrid of ion chamber
and floating gate MOSFET. The operating voltage of the ionizing
chamber is 25 to 30 V. Due to the complex design it is not CMOS
compatible. Its advantages are very high sensitivity and reusability
[5,30].

Floating gate (FG) dosimeters have the highest sensitivity at zero
gate bias; the influence of ambient temperature can be eliminated by
operating at its zero temperature coefficient (ZTC) point [20]. They can
be incorporated into standard CMOS processes due to the thin oxides in

Table 1
Formal comparison table for semiconductor dosimeters.
PIN pMOS DIS FG

Minimum 2 rad 10 pSv  5.2rad
Detectable - (Si05) [30] (H,0)
Dose [31]
Temp. independent real-time reading Yes  Yes - Yes
Passive measurement No Yes Yes Yes
Highest sensitivity with zero bias No No No Yes
Reproducibility Yes No Yes Yes

Monolithic integration (CMOS compatibility) ~ No No No Yes




S.D. Ili¢ et al.

their structure [12]. FG have reproducibility because it can be used
multiple times with the same dosimetric characteristic. The minimum
detectable dose of commercial floating gate structure (EPAD) that can be
measured in real-time is about 50 mGy. However, this parameter can be
improved by the special design of this component with a larger active
area of the floating gate.

6. Conclusion

EPAD shows the same dosimetric characteristics during ten irradia-
tion cycles. An increase of EPAD sensitivity with the dose rate was
observed. There is no change in the drift of the EPAD after the irradia-
tion cycles, which indicates a negligible amount of electron-hole pairs
that remain trapped in the oxide or at the interface between oxide and
channel of the main transistor. The minimal detectable dose has calcu-
lated to be the 52 mGy at a signal to noise ratio of 5. Based on the results,
it can be concluded that this floating gate device's characteristics have
great potential for dosimetry applications and may tend to professional
level's requirements in the future.
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