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Abstract: The paper suggests a design of radiation sensors based on metal-oxide-semiconductor
(MOS) structures and p-channel radiation sensitive field effect transistors (RADFET) which are
capable to function under conditions of high-field tunnel injection of electrons into the dielectric.
We demonstrate that under these conditions, the dose sensitivity of the sensor can be significantly
raised, and, besides, the intensity of radiation can be monitored in situ on the basis of determining
the ionization current arising in the dielectric film. The paper proposes the model allowing to make a
quantitative analysis of charge effects taking place in the radiation MOS sensors under concurrent
influence of ionization radiation and high-field tunnel injection of electrons. Use of the model allows to
properly interpret results of the radiation control. In order to test the designed sensors experimentally,
we have utilized γ-rays, α-particle radiation, and proton beams. We have acquired experimental
results verifying the enhancement of function capabilities of the radiation MOS sensors when these
have been under high-field injection of electrons into the dielectric.
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1. Introduction

Nowadays in the field of medicine, space devices, nuclear power, etc., metal-oxide-semiconductor
(MOS) sensors of a radiation are widely utilized [1–15]. Most frequently, these sensors are based on
p-channel MOSFET (radiation sensitive field effect transistors (RADFET) sensors). In a gate dielectric
of the sensors, when these are under an ionization radiation, a positive charge is accumulated and
rising of density of surface states takes place [1–5,9]. As a result, one observes a change of threshold
voltage of RADFET sensors. Using reference dependencies acquired at earlier stage, one calculates an
absorbed dose on the basis of threshold voltage shift [1,9–15]. One of the main techniques to raise the
sensitivity of RADFET sensors is an applying of positive voltage to the transistor gate [1,4,9,14]. Electric
field in the dielectric film, caused by the applied voltage, initiates separation of charges, generated
by radiation ionization, and increases yield of holes which avoided recombination. Then these holes
travel to the interface with silicon where a fraction of these become trapped resulting in threshold
voltage shift [1,9,13]. Thus, a presence of positive voltage at the gate of RADFET sensor causes rising of
its dose sensitivity. At that, dose sensitivity increases with rising of the gate voltage. However, voltage
level, applied to the gate, is usually limited by values at which the electric field in the gate dielectric
does not exceed 1–2 MV/cm [1,5,9,12]. This specifies by possibility of arising of degradation processes
influencing onto precision and efficiency of the sensors and, besides, by difficulties of maintaining
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of sensor stable functioning under such conditions. A method of dose sensitivity rising of RADFET
sensors by using the dielectric of a higher thickness [3,5,8,11] has numerous limitations. In order to
form this dielectric, the method of chemical vapor deposition is commonly used which results in the
dielectric film of a lower quality with respect to the thermal oxidation method. As a consequence,
the dielectric film of a higher thickness can degrade under relatively low fields [16] and it is more
difficult to achieve the field and thermal stability of sensors based on these dielectric films. Therefore,
developing radiation MOS sensors, which are capable to function under high fields, including a
condition of electron injection into the dielectric, and new techniques to monitor radiation is a subject
of great practical importance, which implies the rising dose sensitivity and extending of functional
capabilities of the sensors.

In the work we have designed radiation MOS sensors which have been capable to function under
high-field injection of electrons into the dielectric. Functioning characteristics of the sensors under high
fields have been studied. In addition, we have tested these sensors at monitoring of characteristics of
proton beams, α-particle radiation, and γ-rays.

The rest of this paper is organized as follows. Section 2 describes the design and manufacturing
technology of the utilized sensors and technique of the experiment. Section 3 presents experimental
results and discussion of these. Finally, Section 4 summarizes the study and includes potential
application of the sensors.

2. Materials and Methods

In the paper we utilize two types of radiation MOS sensors. The first type is implemented on the
basis of MOS capacitors with different areas manufactured on a single semiconductor crystal [15]. The
second type of the sensors is the p-channel MOSFET with channel length of 6 µm and width of 700 µm.
Both types of the sensors are manufactured in full compliance with CD4000 manufacturing technology
of integrated circuits. As the base semiconductor wafers, we utilized n-type silicon doped with
phosphorus with resistivity of 4.5 Ω × cm and <100> crystallographic orientation. Source/drain regions
of the p-channel MOSFET were formed by ion implantation of boron with subsequent thermal impurity
distribution at temperature of 1000 ◦C. The gate dielectric is the SiO2 film with thickness of 100 nm
which is formed by thermal oxidation of silicon at temperature of 1000 ◦C in atmosphere of dry oxygen
with adding of 3% gas-phase HCl. Using the magnetron deposition and subsequent photolithography
the aluminum gates were formed. The MOS capacitors have different areas of the top electrode which
are 10−4 cm2, 10−3 cm2, 10−2 cm2, and 2 × 10−2 cm2. After formation of the gates, we implemented
thermal annealing of the semiconductor wafers at temperature of 450 ◦C in nitrogen atmosphere. After
that, for convenience of contacting an enclosing of crystals into a 48 leads metal-ceramic package was
realized. Photography of the utilized MOS sensors are presented in Figure 1.

Thus, both types of sensors have the same dielectric film formed in common technological
process. This dielectric film allows to implement the high-field injection of electrons into the dielectric
for used sensors [15–21] what is the main distinctive feature of these. In order to initiate the mode
of high-field electron injection we utilized an experimental setup realized by means of precision
source/measuring device of constant current (voltage) NI PXIe-4135 which was controlled by the
special program implemented in NI LabVIEW. The experimental setup allows to realize the charge
injection into the dielectric for the mode of maintaining of both constant current and constant voltage.
In addition, it allows to monitor the change of charge state of MOS sensors using technique suggested
in Andreev et al. [22] and Andreev et al. [23]. All experiments were realized under applying of positive
bias voltage to the sensor gate. When implementing the mode of electron high-field injection, the
source and drain of the RADFET were connected to the bulk. In order to obtain additional information
about changing of charge state of MOS sensors, we monitored threshold voltage of the transistors and
measured C-V characteristics of the capacitors.
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Figure 1. Photography of the radiation metal-oxide-semiconductor (MOS) sensors based on the MOS 
capacitors (a) and four p-channel MOSFETs (radiation sensitive field effect transistors (RADFETs)) 
(b) enclosed into a metal-ceramic package. 

The irradiation by protons was implemented by means of experimental setup based on a particle 
accelerator. That allowed to use proton beams with energies of 150–500 keV. One pulse by the 
accelerator provided a proton fluence of 1010 cm2. Density of proton current was (1–4) × 10−8 A/cm2. 
That value allowed to avoid heating of the observed samples. 

In order to study an influence of α-particles on the MOS sensors, we treated the samples by 
radiation of 239Pu source. α-particles flow rate was 1010 s−1 × cm−2. As a rule, the experimental samples 
were placed at a distance of few millimeters from the radiation source. In order to irradiate the samples 
by γ-rays we used 60Co source.  

3. Results and Discussion 

3.1. Physical effects in MOS sensors 

In order to raise dose sensitivity of the MOS sensors we used the mode of electron high-field 
injection into the gate dielectric. Under the mode, electric fields in the dielectric film significantly 
increase and these stimulate the accumulation of higher values of positive charge at the same 
radiation dose. However, when the sensor is under the mode, besides charge effects caused by 
radiation ionization (Figure 2) and discussed in detail in Schwank et al. [24],  Fleetwood et al. [25], 
and Oldham et al. [26], it is essential to take into consideration the following charge effects [27,28]: 
additional generation of positive charge as a result of thermalization of injected electrons (Figure 2, 
process 11), annihilation of a fraction of positive charge caused by interaction with injected electrons 
(Figure 2, process 8), generation of additional surface states which takes place because of annihilation 
of a positive charge fraction and injected electrons (Figure 2, process 9). In accordance with the model 
suggested in Andreev et al. [27] and Andreev et al. [28], we use the following set of equations to 
describe sensor functioning when it is under concurrent influence of ionizing radiation and high-field 
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Figure 1. Photography of the radiation metal-oxide-semiconductor (MOS) sensors based on the MOS
capacitors (a) and four p-channel MOSFETs (radiation sensitive field effect transistors (RADFETs)) (b)
enclosed into a metal-ceramic package.

The irradiation by protons was implemented by means of experimental setup based on a particle
accelerator. That allowed to use proton beams with energies of 150–500 keV. One pulse by the
accelerator provided a proton fluence of 1010 cm2. Density of proton current was (1–4) × 10−8 A/cm2.
That value allowed to avoid heating of the observed samples.

In order to study an influence of α-particles on the MOS sensors, we treated the samples by
radiation of 239Pu source. α-particles flow rate was 1010 s−1

× cm−2. As a rule, the experimental
samples were placed at a distance of few millimeters from the radiation source. In order to irradiate
the samples by γ-rays we used 60Co source.

3. Results and Discussion

3.1. Physical Effects in MOS Sensors

In order to raise dose sensitivity of the MOS sensors we used the mode of electron high-field
injection into the gate dielectric. Under the mode, electric fields in the dielectric film significantly
increase and these stimulate the accumulation of higher values of positive charge at the same radiation
dose. However, when the sensor is under the mode, besides charge effects caused by radiation ionization
(Figure 2) and discussed in detail in Schwank et al. [24], Fleetwood et al. [25], and Oldham et al. [26],
it is essential to take into consideration the following charge effects [27,28]: additional generation of
positive charge as a result of thermalization of injected electrons (Figure 2, process 11), annihilation of a
fraction of positive charge caused by interaction with injected electrons (Figure 2, process 8), generation
of additional surface states which takes place because of annihilation of a positive charge fraction and
injected electrons (Figure 2, process 9). In accordance with the model suggested in Andreev et al. [27]
and Andreev et al. [28], we use the following set of equations to describe sensor functioning when it is
under concurrent influence of ionizing radiation and high-field injection of electrons:

- in order to calculate density of holes accumulated in the gate dielectric under concurrent influence
of radiation and high-field tunnel injection of electrons we apply the following equation:

q
dp
dt

=
(
Jinj × α+ Jrad

)
× σp ×

(
Np − p

)
− Jinj × σep × p; (1)

- in order to compute a value of the cathode field we use Fowler–Nordheim equation for current
density [17–19]:

Jinj = AEc
2 exp

(
−

B
Ec

)
; (2)
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- in order to calculate current density initiated by ionization radiation we apply the following
equation [24,27,28]:

Jrad = q×Y(E) ×Kg × dox × Irad; (3)

- equation of shift of voltage across MOS structure under electron injection from silicon when
constant current is maintained:

∆VI(+) =
q
εε0

[
p
(
dox − xp

)]
; (4)

where α—coefficient of high-field ionization in the SiO2 film at thermalization of hot injected electrons;
σep—cross-section of injected electrons by filled hole traps (at annihilation of a fraction of positive charge)
and the cross-section depends on the field as following σep = b0 × E−3, where b0—model parameter [17];
q—electron charge; σp—cross-section of hole traps; Np—density of hole traps; A = 1.54 × 10−6

×m0/m*
×

φB
−1 [A/V2] иB = 6.83× 107

×m0/m*
×φB

3/2 [V/cm]—constants of tunnel Fowler–Nordheim injection [16];
m0 and m*—mass of electron in vacuum and effective mass of electron in the dielectric, accordingly;
φB—height of potential barrier at the injecting interface; Y(E)—charge yield under irradiation (a fraction
of holes which avoided recombination); Kg—a value of electron-hole pairs per dose unit and SiO2 volume
(8 × 1012 cm−3

× rad−1) [24]; dox—thickness of the oxide; Irad = dD/dt—irradiation intensity (rad/s);
D—irradiation dose (rad); εε0—dielectric permittivity; xp—the location of positive charge centroid of
holes trapped in the SiO2 film (with respect to the Si/SiO2 interface).
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SiO2 at its interface with silicon; 4—hydrogen liberation; 5—hydrogen transport; 6—interaction of 

Figure 2. Band diagram of the MOS structure demonstrating main charge effects taking place under
concurrent influence by radiation and high-field tunnel injection of electrons by Fowler–Nordheim:
1—creation of electron-hole pairs by radiation; 2—hole transport; 3—capturing of holes on traps in SiO2

at its interface with silicon; 4—hydrogen liberation; 5—hydrogen transport; 6—interaction of hydrogen
and defects with subsequent creation of surface states; 7—Fowler–Nordheim high-field injection of
electrons; 8—annihilation of a fraction of trapped holes when interacting with injected electrons;
9—generation of surface states as a result of annihilation of holes; 10—transport and heating of injected
electrons in the conduction band of SiO2; 11—thermalization of hot electrons with subsequent creation
of holes.
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The paper discusses radiations which have relatively high intensity at low duration of these. As a
result of this, the generation of surface states is not of high rate and we assume that positive charge,
accumulated in the dielectric film as a result of ionization radiation, is the main information parameter
characterizing radiation characteristics. In accordance with the statement a shift of threshold voltage
of the RADFET sensor ∆Vth is equal to the shift of voltage across MOS structure, when constant
current flowing is maintained, and that shift is described by Equation (4), i.e., ∆Vth = ∆VI(+) [22,23].
This assumption is in a good agreement with experimental results.

Experimental results, demonstrated in the paper, show that the surface area of the MOS capacitor
virtually does not influence on radiation effects taking place in the gate dielectric of the sensor. We
utilized the MOS sensors of different surface area in order to ease the involving of required modes
of high-field injection. Most experimental results, demonstrated in the paper, have been obtained
by utilization of the MOS sensors with gate area of 10−3 cm2 and 10−2 cm2 and by utilization of the
RADFET sensors for which charge effects have had similar quantitative characteristics as compared to
the MOS capacitors under concurrent influence by radiation and high-field injection of electrons.

3.2. Proton Irradiation

We have studied an influence of proton irradiation on MOS structures, which have been under
high-field injection of electrons into the dielectric, utilizing the particle accelerator. Before the MOS
structures, placed in the accelerator chamber, to be irradiated, we applied to these a pulse of constant
current and reached transition of these to the mode of Fowler–Nordheim high-field tunnel injection of
electrons from silicon into the dielectric. We have irradiated the MOS structures, which has been under
the injection, by short pulses of the proton beams. During all experiment we have controlled time
dependence of voltage across the MOS structure (Figure 3). Figure 3 demonstrates that in Section 1
the structure has been switched to the mode of high-field tunnel injection by a pulse of current with
density of 10−6 A/cm2. Then in Section 2 it has been irradiated by the proton beam with energy of
500 keV and fluence of 1010 cm−2.
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When applying the pulse of constant current with density of J0 to the MOS structure, we can
use the following equation to determine sum of densities of currents flowing through the dielectric
film [27]:

J0 = Jc + Jinj + Jrad; (5)

where Jc = C (dV/dt)—density of capacitive current; C—capacitivity of MOS structure; Jinj—density of
high-field tunnel injection current of electrons; Jrad—density of ionization current initiated in MOS
structure because of radiation.

If density of ionization current, initiated as a result of influence by radiation, is equal to Jrad and
higher than J0, then one would observe discharge of capacity of MOS structure down to voltages close
to zero (Figure 3, Section 2). Value of ionization current in the high-voltage section of discharge of
MOS structure capacitance, calculated using Equation (5) from Figure 3, Section 2, is 2 × 10−5 A/cm2.

In Section 4 (Figure 3) we rose the density of current, applied to the MOS structure, up to
5 × 10−5 A/cm2. Thus, in Section 5 (Figure 3), when proton radiation is presented and it is analog to the
value in Section 2, Jrad becomes lower than J0 and voltage, at which the structure switches to high-field
tunnel injection of electrons, also becomes lower because of diminishing of injection current density
(Equation (5)) in comparison with Sections 4 and 6 in which radiation is not presented.

We have monitored value of positive charge, accumulated in the gate dielectric after irradiation,
by measuring an increment of voltage across the MOS sensor before and after influence of radiation
(Figure 3, Sections 1 and 3 or 4 and 6, accordingly). Hence, by measuring ∆VI(+) or shift of threshold
voltage of RADFET sensor, we can calculate integral absorbed dose of ionization radiation [1–5,9].
An advantage of the RADFET sensors in comparison with the MOS capacitors is the simpler technique to
monitor the change of charge state of the dielectric when it is under radiation treatment. This technique
is based on measuring of threshold voltage shift of the FET [1–14]. For the MOS capacitors based
sensors, we monitor an accumulation of positive charge in the gate dielectric by using whether C-V
measurements or voltage shift across the structure when it is under high-field injection of electrons
under the mode of constant current flowing (Equation (4)). However, sensors on the basis of MOS
capacitors have higher capacitance with respect to the RADFETs and that simplifies high-field injection
of charge into the dielectric by low current densities. A capability to measure C-V characteristics of the
capacitor based MOS sensors gives an ability to obtain more complete information about change of
surface state density what is important when monitoring low-intensity radiations. Therefore, in order
to implement the comprehensive monitoring, it is necessary to utilize the sensors of both types as on
the basis of the RADFET as on the basis of the MOS capacitors.

Under the mode of flowing of constant current through the dielectric, the initiation of the ionization
current, when the sensor is under radiation, results in lowering of injection and/or capacitive current,
flowing through the dielectric, and that, in its turn, causes change of time dependence of voltage
across the MOS structure (Equation (5)). Therefore, by monitoring change of time dependence of
voltage across the MOS structure and using Equations (1)–(5), one can calculate the value of ionization
current caused by radiation. In that case, the sensitivity of the MOS sensor will be few times higher
than it is for usual technique of monitoring of radiation intensity using a RADFET sensor for which
that parameter is calculated by measuring threshold voltage of a RADFET sensor [3,11]. Change of
threshold voltage of a RADFET sensor is caused by the accumulation of positive charge in the gate
dielectric at the Si/SiO2 interface which takes place because of capturing on traps of a not significant
fraction of holes created when radiating. Thus, in situ measurement of ionization current, initiated in
the dielectric film when radiating, significantly raises sensitivity of the sensor.

3.3. α-Particle Irradiation

Figure 4 shows experimental results, illustrating the influence of α-particles on MOS structures
when constant current pulse with density of 10−8–10−6 A/cm2 is applied to the sample. Section 1 in
Figure 4 corresponds to the high-field tunnel injection of electrons from the silicon substrate by constant
current with density of 10−8 A/cm2. Then we were placing the source ofα-particles in a varying distance
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from the gate of the MOS sensor (Figure 4, Sections 2 and 5 correspond to the radiation). As Figure 4
demonstrates, widening the distance between source and MOS sensor gate results in lowering of
ionization current initiated in the dielectric film. We calculated a value of the ionization current
by analyzing time dependence of voltage across the structure using Equations (1)–(5). In Figure 4
(Section 3), all the current flowing through the MOS structure is capacitive and rising rate of voltage, in
accordance with Equation (5), is totally defined by the value of constant current flowing through the
sample. In order to lower the duration of Sections 3 and 4, one can implement charging of the MOS
structure capacitance by the current of higher density using the technique suggested in Andreev et
al. [23] and in that case the duration of Sections 3 and 4 could be a few seconds. The experimental
data, shown in Figure 4, have been measured, as demonstrated in the figure, in order to simplify
interpretation of the results and illustrate the operation principles of the suggested sensor.
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Figure 4. Time dependence of voltage across the MOS structure when constant current of different
densities flows through dielectric: 1,2,3—10−8 A/cm2; 4,5,6—10−6 A/cm2; for Sections 2 and 5 we
realized irradiation by α-particles when the radiation source was in varying distances from the MOS
sensor: a—4 mm; b—15 mm; c—30 mm.

Taking into consideration the experimental data, demonstrated in Figures 3 and 4, we can suggest
the following technique to monitor the intensity of radiation. Initially we switch the MOS sensor
to the mode of high-field tunnel injection of electrons at a low density of the injection current and
monitor a value of the ionization current on the basis of lowering of the voltage, applied to the sensor
gate to maintain the constant current mode. If the influence by radiation under the mode results in
termination of the injection current flowing (in case the ionization current, caused by the radiation, is
higher than the injection current) then by the rate of MOS sensor capacitance discharge using Equations
(1)–(5) we can calculate the value of the ionization current. Next in order to implement a more precise
measurement of a density of the ionization current, we switch the MOS sensor to the mode of high-field
injection, at flowing of the injection current of the constant density not much higher than the ionization
current, and in this section we one more time calculate the density of ionization current on the basis of
lowering of the voltage at the gate of the MOS sensor.

3.4. Measurement of Absorbed Dose

Figure 5 demonstrates experimental and theoretical (these are calculated using the model
suggested) dose dependencies of threshold voltage shift of the MOS sensors (∆Vth) under radiation of
protons, α-particles, and γ-rays. The RADFET sensors have similar dose characteristics with respect
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to sensors on the basis of MOS capacitors. Figure 5 shows that when under the mode of high-field
injection of electrons the sensor has maximal sensitivity, however, at that, the dose range can be
significantly reduced. The reducing of the MOS sensor dose range is caused by partial filling of hole
traps by positive charge generated by high-field tunnel injection of electrons and by acceleration of
degradation processes in the gate dielectric occurring because of high-field injection. The annihilation
of a fraction of positive charge and injected electrons, as it has been shown in Andreev et al. [27] and
Andreev et al. [28], can result in rising of amount of surface states at the Si/SiO2 interface, and it can
accelerate degradation processes cause by restructuring of the interface and the dielectric film.

Sensors 2020, 20, x FOR PEER REVIEW 8 of 11 

 

3.4. Measurement of absorbed dose 

Figure 5 demonstrates experimental and theoretical (these are calculated using the model 
suggested) dose dependencies of threshold voltage shift of the MOS sensors (ΔVth) under radiation of 
protons, α-particles, and γ-rays. The RADFET sensors have similar dose characteristics with respect 
to sensors on the basis of MOS capacitors. Figure 5 shows that when under the mode of high-field 
injection of electrons the sensor has maximal sensitivity, however, at that, the dose range can be 
significantly reduced. The reducing of the MOS sensor dose range is caused by partial filling of hole 
traps by positive charge generated by high-field tunnel injection of electrons and by acceleration of 
degradation processes in the gate dielectric occurring because of high-field injection. The annihilation 
of a fraction of positive charge and injected electrons, as it has been shown in Andreev et al. [27] and 
Andreev et al. [28], can result in rising of amount of surface states at the Si/SiO2 interface, and it can 
accelerate degradation processes cause by restructuring of the interface and the dielectric film. 

Evaluative calculations of total ionizing dose (TID), which have been implemented on the basis 
of dependencies used in Ravotti [7] and Haran et al. [29], when irradiating by protons in Sections 2 
and 5 of Figure 3, give a value of about 103 rad. These experimental results, obtained from data 
presented in Figure 3, are demonstrated in Figure 5 (symbols 1`). When irradiating by the α-particles 
in Section 5 of Figure 4, TID is about 10–100 rad which value depends on distance between the MOS 
sensor and the radiation source. Figure 5 shows experimental data obtained at radiation intensity of 
1 rad/s. 

 
Figure 5. Experimental (1,1`,2,2`,3,3`) and theoretical (4,4`) dependencies of threshold voltage shift of 
the MOS sensor (ΔVth) on radiation dose in case of proton influence (1,1`), α-particles (2,2`), and γ-rays 
(3,3`,4,4`): 1,2,3,4—with no bias at the gate; 1`,2`,4`—under high-field injection by current of 10−6 
A/cm2; 3`—at positive bias at the gate (Ea = 5 MV/cm). 

Figure 5 demonstrates that under the influence of protons and α-particles one observes higher 
rise of the MOS sensor sensitivity when switching to the high-field injection mode and that probably 
caused by more noticeable increasing of the charge yield for these sections with respect to the γ-rays 
irradiation [27]. Thus, in order to obtain high dose sensitivity of the sensor under the γ-rays radiation, 
it is enough to apply voltage providing creation of electric field which is slightly lower than injection 
field. In that study, when γ-rays influencing, we maintained electric field in the dielectric with the 
value of 5 MV/cm. Accumulation of positive charge in the gate dielectric of MOS structure during 
irradiation results in lowering of the potential barrier at the Si/SiO2 interface and decreasing of the 
anode field (Figure 2) at the most part of the dielectric film. Hence, when the sample is under 

Figure 5. Experimental (1,1′,2,2′,3,3′) and theoretical (4,4′) dependencies of threshold voltage shift
of the MOS sensor (∆Vth) on radiation dose in case of proton influence (1,1′), α-particles (2,2′), and
γ-rays (3,3′,4,4′): 1,2,3,4—with no bias at the gate; 1′,2′,4′—under high-field injection by current of
10−6 A/cm2; 3‘—at positive bias at the gate (Ea = 5 MV/cm).

Evaluative calculations of total ionizing dose (TID), which have been implemented on the basis of
dependencies used in Ravotti [7] and Haran et al. [29], when irradiating by protons in Sections 2 and 5
of Figure 3, give a value of about 103 rad. These experimental results, obtained from data presented in
Figure 3, are demonstrated in Figure 5 (symbols 1‘). When irradiating by the α-particles in Section 5 of
Figure 4, TID is about 10–100 rad which value depends on distance between the MOS sensor and the
radiation source. Figure 5 shows experimental data obtained at radiation intensity of 1 rad/s.

Figure 5 demonstrates that under the influence of protons and α-particles one observes higher
rise of the MOS sensor sensitivity when switching to the high-field injection mode and that probably
caused by more noticeable increasing of the charge yield for these sections with respect to the γ-rays
irradiation [27]. Thus, in order to obtain high dose sensitivity of the sensor under the γ-rays radiation,
it is enough to apply voltage providing creation of electric field which is slightly lower than injection
field. In that study, when γ-rays influencing, we maintained electric field in the dielectric with the value
of 5 MV/cm. Accumulation of positive charge in the gate dielectric of MOS structure during irradiation
results in lowering of the potential barrier at the Si/SiO2 interface and decreasing of the anode field
(Figure 2) at the most part of the dielectric film. Hence, when the sample is under irradiation, by
lowering the voltage, applied to the gate of the MOS sensor, by a value calculated by Equation (4), one
can reach a maintaining of the electric field at constant value at the most part of the dielectric film and
an avoiding of the mode of high-field injection into the dielectric. Data 3‘ in Figure 5 correspond to this
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measurement mode and these provide the dose sensitivity similar to the high-field injection mode
(curve 4‘) and, at the same time, avoiding of the injection mode does not reduce sensor lifetime.

Thus, utilization of the MOS sensors under the mode of high-field injection of charge into the
dielectric requires the additional analysis of charge effects taking place in the dielectric film and it is
required to take influence of these effects into consideration when processing experimental data and
choosing operation modes of the sensors [27,28]. For this analysis one can use the model, suggested in
the paper, taking into consideration parameters specific to sensors chosen.

Utilization of the MOS sensors under the high-field injection of electrons into the dielectric can
raise the dose sensitivity of the sensor more than ten times (Figure 5). However, use of the sensor
under the conditions requires involving of the model of charge state change of the dielectric, suggested
in the paper, to separate the radiation portion of positive charge. The high-field injection of electrons
into the gate dielectric can cause significant degradation processes in the gate dielectric and, as a result,
the dose range of the sensor can be drastically reduced. Thus, that is appropriate to use the high-field
injection mode at low values of the dose range (up to 104 rad) for cases when it is essential to obtain
maximum dose sensitivity of the sensor as, for example, it is necessary for medical applications. In the
most practical cases we consider as appropriate to utilize sensors, suggested in the paper, under the
high fields, which are few lower (5%–10% lower) than injection fields, at that correcting the value of
voltage applied to the sensor gate in accordance with the electric field induced by the positive charge
accumulated in the dielectric. In that case, we succeeded in raising dose sensitivity of the sensor in
few times in comparison with common mode of its utilization and, at that, we almost do not reduce
its lifetime.

RADFET sensors with SiO2 dielectric films of the same thickness, as we utilize in the paper, were
studied in detail in Yilmaz et al. [8], Pejović [9], Siebel et al. [12], and Ristic et al. [13]. When an electric
bias is not applied to the gate and when the bias is 5 V, the sensors, described in Yilmaz et al. [8],
Pejović [9], and Ristic et al. [13], have similar dose sensitivities to characteristics demonstrated in
Figure 5. In Yilmaz et al. [8], Pejović [9], Siebel et al. [12], and Ristic et al. [13], authors do not investigate
utilization of RADFET sensors under high fields apparently because of concern in degradation
of these and absence of a physical model characterizing charge effects taking place in the MOS
sensors under high fields especially in case when high-field injection of electrons into the dielectric
is presented. Hence, manufacturing of the MOS sensors which are suggested in the paper and
capable to function stably under high-field injection of electrons into the dielectric, and developing
of a physical model characterizing charge effects taking place in the gate dielectric at concurrent
influence of radiation and high-field injections, give a capability to raise the dose sensitivity of the
sensors a few times in comparison with RADFET sensors described in literature and having similar
structure parameters [8,9,12,13]. The designed sensors and techniques of monitoring of the radiation
characteristics have a variety of applications where high dose sensitivity is important and/or there is a
necessity to measure the radiation intensity such as in medicine, space applications, nuclear power, etc.

4. Conclusions

The paper suggests the design of radiation sensors based on the MOS structures and p-channel
RADFET with the thermal SiO2 film. These sensors are capable to function under high-electric field
including the case of high-field injection of electrons into the dielectric. We have demonstrated that
under the mode of flowing of constant current through the dielectric, the initiation of ionization current,
when radiation has been presented, has resulted in lowering of injection and/or capacitive current also
flowing through the dielectric and that, in turn, has caused the changing of time dependence of voltage
across MOS structure. By monitoring this voltage change we can calculate the value of ionization
current caused by radiation. In that case, the dose sensitivity of the MOS sensor would be a few times
higher than it is for the common technique to monitor a radiation intensity utilizing a RADFET sensor
which allows to compute that parameter by measuring a change of threshold voltage of a RADFET.
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We have demonstrated that in order to raise the dose sensitivity of the MOS sensors, one could
utilize these under high fields in the gate dielectric, including cases when these fields have caused
injection of electrons. We suggest the model allowing to implement the quantitative analysis of charge
effects taking place in the MOS sensors of radiation under concurrent influence of both ionization
radiation and high-field injection of electrons. Use of the model allows to correctly interpret results of
radiation monitoring when the sensor is under the described modes. That is appropriate to use the
high-field injection mode at low values of the dose range (up to 104 rad) for cases when it is essential to
obtain maximum dose sensitivity of the sensor as, for example, it is necessary for medical applications.

Experimental data obtained when analyzing influence of the protons, α-particles, and γ-rays
verify the enhancement of the functional capabilities of the radiation MOS sensors in the case where
these are under the mode of high-field injection of electrons into the dielectric.
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