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A B S T R A C T

The radiation-sensitive field-effect transistors (RADFETs) with an oxide thickness of 400 nm are irradiated with
gate voltages of 2, 4 and 6 V, and without gate voltage. A detailed analysis of the mechanisms responsible for
the creation of traps during irradiation is performed. The creation of the traps in the oxide, near and at the
silicon/silicon-dioxide (Si/SiO2) interface during irradiation is modelled very well. This modelling can also
be used for other MOS transistors containing SiO2. The behaviour of radiation traps during postirradiation
annealing is analysed, and the corresponding functions for their modelling are obtained. The switching traps
(STs) do not have significant influence on threshold voltage shift, and two radiation-induced trap types fit the
fixed traps (FTs) very well. The fading does not depend on the positive gate voltage applied during irradiation,
but it is twice lower in case there is no gate voltage. A new dosimetric parameter, called the Golden Ratio
(GR), is proposed, which represents the ratio between the threshold voltage shift after irradiation and fading
after spontaneous annealing. This parameter can be useful for comparing MOS dosimeters.
. Introduction

The investigation of the influence of ionizing radiation on p-channel
etal–oxide–semiconductor field-effect-transistors (pMOSFETs) with
l-gate, in order to use them as radiation sensors, has been widely
onducted [1–8]. They can be used in medicine (radiotherapy) and
pace, but their application in personal dosimetry is still promising.
n recent years, new technologies and materials have been used to
roduce new radiation-sensitive pMOSFETs, often called RADFETs or
MOS dosimeters [9–18]. Besides, the possibility of using commercial
MOSFETs as radiation detectors has been investigated [19,20].

During irradiation, traps are formed in the gate oxide, close to and
xactly at the silicon/silicon-dioxide interface. These traps influence
he carriers in the channel, which leads to an increase in threshold
oltage. The two basic dosimetric parameters of RADFET are sensitivity
increase of threshold voltage during irradiation) and fading (recovery
f threshold voltage of irradiated RADFETs during room temperature
nnealing without gate voltage). Radiation sensitivity should be as high
s possible and fading as low as possible.

In this paper, the dependence of threshold voltage, which is the
lectrical and dosimetric parameter of RADFETs, on traps created dur-
ng irradiation is investigated. Knowledge of the mechanisms that lead
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to the creation of traps under the influence of radiation is impor-
tant for the operation of RADFETs, as well as other MOSFETs, and
their analysis has been performed. In addition to irradiation, post-
irradiation annealing was performed at room temperature without gate
voltage (spontaneous annealing), and the dependence of the thresh-
old voltage recovery during spontaneous annealing (fading) on the
radiation-induced traps was analysed.

2. Experimental details

The used RADFETs have an oxide thickness of 400 nm and pre-
irradiation threshold voltages of about 𝑉𝑇 0 = 1.9 V. Fig. 1 shows the
cross section of RADFETs.

The irradiation of RADFETs was performed by a 60Co source of
ionizing radiation [21,22], using an absorbed dose rate of 𝐷𝑅 = 7.69
Gy(H2O)/h, and an absorbed dose of 𝐷 = 110 Gy(H2O). During the
irradiation, the voltages at the gate were 𝑉𝐺,𝑟𝑎𝑑 = 0, 2, 4 and 6 V,
while drain, source and bulk were grounded (in the case of 𝑉𝐺,𝑟𝑎𝑑 = 0 V,
all pins were grounded). We have chosen relatively small voltages that
can be applied in the practical realization of the radiation dosimeters.
The experimental setup was composed of an ultra-low current, high
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Fig. 1. Typical RADFET cross-section.

Fig. 2. The block diagram of experimental setup.

Table 1
Experimental conditions.
Label of used RADFET 𝑡𝑜𝑥 (nm) 𝑉𝐺,𝑟𝑎𝑑 (V) 𝑉𝐺,𝑠𝑎 (V)

XW4 12 400 0 0
XW4 17 400 2 0
XW4 20 400 4 0
XW4 21 400 6 0

speed switching matrix model 708A Keithley, and a low current dual-
channel source meter unit (SMU) model 2636A Keithley (Fig. 2). The
experiment was guided by PC using a custom-written program in C#.
Such configuration enabled completely automatic experiment, and the
samples were neither moved nor touched during the irradiation, but
the RADFETs were biased and their electrical characteristics were
measured at certain times.

After the irradiation, RADFETs were spontaneous annealed, repre-
senting the room-temperature annealing without a gate voltage (𝑉𝐺,𝑠𝑎
= 0 V – all pins were grounded), up to 1968 h. The experimental details
are given in Table 1.

In cases of zero bias (𝑉𝐺,𝑟𝑎𝑑 = 0 V and 𝑉𝐺,𝑠𝑎 = 0 V), there is a small
external positive gate voltage of 𝑉𝑤𝑓 = 0.33 V for these RADFETs, as a
consequence of the work function difference between the Al-gate and
n-type silicon substrate [21]. This 𝑉𝑤𝑓 gives an external positive electric
field of 𝐸𝑤𝑓 = 𝑉𝑤𝑓 /𝑡𝑜𝑥 ≈ 0.825 V/μm with direction from the gate to
the oxide/substrate (SiO2/Si) interface.

The threshold voltage before irradiation, 𝑉𝑇 0, and during irradia-
tion and spontaneous annealing, 𝑉𝑇 , was determined by the electrical
transfer characteristics in saturation [21]. The measurements of the
electrical transfer characteristics of RADFETs were performed using an
automatic system shown in Fig. 2. The threshold voltage shift, 𝛥𝑉𝑇 , is:

𝛥𝑉𝑇 = 𝑉𝑇 − 𝑉𝑇 0. (1)

The midgap-subthreshold technique (MGT) that determines the
component of the threshold voltage shift of fixed traps (FTs), 𝛥𝑉 ,
𝑓𝑡

2

and of switching traps (STs), 𝛥𝑉𝑠𝑡, was used [23]. The 𝛥𝑉𝑇 during
irradiation and annealing can be presented as:

𝛥𝑉𝑇 = 𝛥𝑉𝑓𝑡 + 𝛥𝑉𝑠𝑡. (2)

Using the 𝛥𝑉𝑓𝑡 and 𝛥𝑉𝑠𝑡, the areal densities of FTs, 𝛥𝑁𝑓𝑡 [cm−2],
and STs, 𝛥𝑁𝑠𝑡 [cm−2] can be found [23]:

𝛥𝑁𝑓𝑡 =
𝐶𝑜𝑥
𝑒

𝛥𝑉𝑓𝑡, 𝛥𝑁𝑠𝑡 =
𝐶𝑜𝑥
𝑒

𝛥𝑉𝑠𝑡. (3)

where 𝐶𝑜𝑥 = 𝜀𝑜𝑥∕𝑡𝑜𝑥 is the gate oxide capacitance per unit area, 𝜀𝑜𝑥 =
3.45⋅10−13 F/cm is the silicon-dioxide permittivity, and e is the electron
charge.

Since the MGT is an electrical measurement technique, which does
not really recognize the physical location of the traps, but recognizes
the electrical activity of created traps, we usually use the 𝛥𝑁𝑓𝑡 and
𝛥𝑁𝑠𝑡, as they really reflected the electrical response of the traps, than
the more commonly used quantities that imply the physical location of
the traps: the density of oxide traps (the traps in the oxide), 𝛥𝑁𝑜𝑡, and
the density of interface states (the states exactly at SiO2/Si interface),
𝛥𝑁𝑖𝑡.

The traps created by any stress (radiation, electric fields, annealing,
. . . ), which do not capture the carriers from channel (do not exchange
carriers (charge) with channel) within the time frame of the electrical
MG measurement, represent the FTs. The traps, created by any stress,
which capture the carriers from channel (exchange carriers (charge)
with channel) within the time frame of the electrical MG measurement
represent the STs [24].

The STs consist of traps created in the oxide, but very near the
SiO2/Si interface, called the slow switching traps (SSTs) or border
traps, and of traps created exactly at SiO2/Si interface, called fast
switching traps (FSTs), true interface traps (true interface states), or
simply interface traps (states). The correlation between the densities of
these traps is [21]:

𝛥𝑁𝑠𝑡 = 𝛥𝑁𝑠𝑠𝑡 + 𝛥𝑁𝑓𝑠𝑡, (4)

where 𝛥 𝑁𝑠𝑠𝑡 is the density of SSTs and 𝛥 𝑁𝑓𝑠𝑡 is the density of FSTs. It
is obvious that 𝛥 𝑁𝑜𝑡 includes the FTs and SSTs, but 𝛥 𝑁𝑖𝑡 only includes
STs, and the correlations are: 𝛥 𝑁𝑜𝑡 = 𝛥 𝑁𝑓𝑡 + 𝛥 𝑁𝑠𝑠𝑡 and 𝛥 𝑁𝑖𝑡 = 𝛥

𝑁𝑠𝑡 − 𝛥 𝑁𝑠𝑠𝑡 = 𝛥 𝑁𝑓𝑠𝑡.

3. Results and discussion

3.1. Radiation

The threshold voltage, 𝑉𝑇 , during irradiation with different gate
voltages, 𝑉𝐺,𝑟𝑎𝑑 , is shown in Fig. 3. It is obvious that the 𝑉𝐺,𝑟𝑎𝑑 has a
ignificant influence on 𝑉𝑇 , and that the dependence of 𝑉𝑇 = f(𝑉𝐺,𝑟𝑎𝑑) is
ot linear, but shows a saturation trend (see the last irradiation points).
igs. 3 and 4 show the components of 𝛥 𝑉𝑇 of fixed traps (FTs), 𝛥
𝑓𝑡, and switching traps (STs), 𝛥 𝑉𝑠𝑡. The 𝛥 𝑉𝑓𝑡 and 𝛥 BXMATH[70]
ere found using MGT [23,24]. It can be seen that the density of FTs

ignificantly depends on 𝑉𝐺, while 𝑉𝐺 has no effect on the density
of STs. Namely, the density of STs is approximately the same for all
gate voltages, including irradiation case without gate voltage. Also, the
density of FTs is at least five times higher than the density of STs, except
for 𝑉𝐺,𝑟𝑎𝑑 = 0 V, where the densities of FTs and STs are approximately
the same.

Knowledge of the mechanisms that lead to the formation of FTs and
STs due to the irradiation is very important for all MOSFETs, including
RADFETs [24–27] (see Fig. 5).

During ionizing irradiation, photons collide with electrons bound
in the silicon-dioxide (SiO2), mainly through Compton scattering, re-
leasing bound electrons (so-called ‘‘primary’’ electrons) and leaving
unoccupied electron sites (so-called holes). Since non-strained silicon–

oxygen bonds (NSBs), ≡Sio–O–Sio≡, are the most numerous bond in
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Fig. 3. Threshold voltage, 𝑉𝑇 , during irradiation.

Fig. 4. The component of threshold voltage shift of fixed traps (FTs).

Fig. 5. The component of threshold voltage shift of switching traps (STs).

iO2, collisions between photons and electrons in NSBs are most
ikely [24]:

Sio–O–Sio≡ + photon→≡Sio– O⋅ + +Sio≡ + e−, (5)

where the index ‘‘o’’ denotes oxide, but ‘‘–’’ denotes covalent bond (a
pair of electrons). An unpaired electron e− is usually at the ≡Sio-O⋅

entre (e− is denoted by a dot), but a hole h+ (positively charged virtual
article) is at +Sio≡ centre (h+ is denoted by a plus sign).

Primary electrons have very high kinetic energy, and either recom-
ine with holes at the site of formation or avoid recombination. Due
o their high kinetic energy, recombination is a very low probable
rocess. The primary electrons, avoiding recombination, travel through
3

he oxide and collide with the bound electrons in the covalent bonds
f the NSBs. In these collisions, they lose kinetic energy and release
o-called ‘‘secondary’’ electrons [24]:

Sio–O–Sio≡ + e+→≡Sio − O⋅ + +Sio≡ + 2e−. (6)

Collisions between free electrons are hardly probable because their
ross section is significantly smaller than the cross section of NSBs.

Primary and secondary electrons, before leaving the oxide, break
any covalent bonds in the oxide and create many new high-energy

econdary electrons because they have very high kinetic energies [24].
therwise, the primary and secondary electrons, moving freely through

he oxide, break many more covalent bonds than incident photons of
onizing radiation.

Electrons leave the oxide very quickly (in a few picoseconds), while
he holes remain trapped. Holes in the bulk of the oxide are usually
nly temporary, but not permanently trapped at the point of origin
reactions (5) and (6)), because there are no deeper energy centres in
he oxide bulk [24]. However, the holes move towards an interface,
epending on the oxide electric field’s direction, where they are trapped
n the energy-deep hole centres.

In zero bias mode, the small positive potential, due to the dif-
erence in work function between the Al-gate and the n-substrate, is

high enough to move at least part of the holes towards the SiO2/Si
interface [22]. It is unlikely that electrons will be trapped at electron
trapping centres in the case of irradiation [24].

In the area of 3–5 nm from the SiO2/Si interface, there are a lot of
both the oxygen vacancies (OVs), ≡Sio–Sio≡, and the strained silicon–
oxygen bonds (SBs), ≡Sio–O–Sio≡ [24]. The OVs and SBs are the main
precursors of fixed traps (FTs) whose density 𝛥𝑁𝑓𝑡 can be found by the
MG technique.

When the holes, under a positive electric field, reach the area near
SiO2/Si interface, they break the OVs, ≡Sio–Sio≡ [24]:

≡Sio–Sio≡ + h+→≡Si⋅o +
+Sio≡ + e−, (7)

here the +Sio≡ centre is named as the 𝐸𝛾 centre, and also break the
Bs, ≡Sio–O–Sio≡ [24]:

Sio–O–Sio≡ + h+→≡Sio–O⋅ + +Sio≡ + e, (8)

here the ≡Sio–O⋅ is an amphoteric non-bridging-oxygen (NBO) centre,
hile +Sio≡ is the 𝐸s centre. 𝐸𝛾 and 𝐸s represent energetically deep
ole centres.

The NBO is an amphoteric defect and can be positively or negatively
harged. However, they are more likely to be negatively charged by
lectron capture than to be positively charged by electron release. As
lready mentioned, these processes are not so likely during irradiation.

By Eq. (7), the kinetic of the OVs centres can be presented as:
𝑑[𝑁𝑜𝑣,𝑓 𝑡]

𝑑𝑡
= 𝑘𝑜𝑣,𝑓 𝑡[𝑁𝑜𝑣,𝑓 𝑡][ℎ+], (9)

where [𝑁𝑜𝑣,𝑓 𝑡] is the density of OVs, 𝑘𝑜𝑣,𝑓 𝑡 is the constant and [ℎ+]
is the hole density. The [𝑁𝑜𝑣,𝑓 𝑡] density decreases with the irradiation
time, i.e., with absorbed dose, how OV bonds are broken (it indicates
minus).

By solving Eq. (9), we obtained the dependence of the density of
OVs on the irradiation time t, 𝑁𝑜𝑣,𝑓 𝑡(t):

𝑁𝑜𝑣,𝑓 𝑡(𝑡) = 𝑁𝑜𝑣,𝑓 𝑡(0) ⋅ 𝑒
−𝑘𝑜𝑣,𝑓 𝑡⋅𝑡, (10)

where the 𝑁𝑜𝑣,𝑓 𝑡(0) is the density of OVs for 𝐷 = 0. During irradiation,
while 𝑁𝑜𝑣,𝑓 𝑡(t) decreases, the density of positively charged centres
+Sio≡ (𝐸𝛾 centres), created by radiation, 𝛥𝑁𝑜𝑣,𝑓 𝑡(t), increases:

𝛥𝑁𝑜𝑣,𝑓 𝑡(𝑡) = 𝑁𝑜𝑣,𝑓 𝑡(0)(1 − 𝑒−𝑘𝑜𝑣,𝑓 𝑡⋅𝑡). (11)

Similarly, Eq. (8) gives:

−
𝑑[𝑁𝑠𝑏,𝑓 𝑡] = 𝑘 [𝑁 ][ℎ+], (12)
𝑑𝑡 𝑠𝑏,𝑓 𝑡 𝑠𝑏,𝑓 𝑡
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where [𝑁𝑠𝑏,𝑓 𝑡] is the density of SBs, 𝑘𝑠𝑏,𝑓 𝑡 is the constant and [ℎ+] is
he hole density. The [𝑁𝑠𝑏,𝑓 𝑡] density decreases with absorbed dose (it
ndicates minus).

Solving Eq. (12) gives the density of SBs with the irradiation time,
𝑠𝑏,𝑓 𝑡(t):

𝑠𝑏,𝑓 𝑡(𝑡) = 𝑁𝑠𝑏,𝑓 𝑡(0) ⋅ 𝑒
−𝑘𝑠𝑏,𝑓 𝑡⋅𝑡, (13)

here the 𝑁𝑠𝑏,𝑓 𝑡(0) is the density for 𝐷 = 0. During irradiation, while
he 𝑁𝑠𝑏,𝑓 𝑡(t) decreases, the density of positively charged centres +Sio≡
𝐸s centres), created by radiation, 𝛥𝑁𝑠𝑏,𝑓 𝑡(t), increases:

𝑁𝑠𝑏,𝑓 𝑡(𝑡) = 𝑁𝑠𝑏,𝑓 𝑡(0)(1 − 𝑒−𝑘𝑠𝑏,𝑓 𝑡⋅𝑡). (14)

The relation between absorbed dose, D, and absorbed dose rate, 𝐷𝑅
𝐷 = 𝐷𝑅⋅t), gives the dependence of absorbed dose:

𝑁𝑜𝑣,𝑓 𝑡(𝐷) = 𝑁𝑜𝑣,𝑓 𝑡(0)(1 − 𝑒−𝑎𝑜𝑣,𝑓 𝑡𝐷), (15)

here the 𝑎𝑜𝑣,𝑓 𝑡 = 𝑘𝑜𝑣,𝑓 𝑡/𝐷𝑅, but 𝑘𝑜𝑣,𝑓 𝑡 and 𝐷𝑅 are constants. Also,

𝑁𝑠𝑏,𝑓 𝑡(𝐷) = 𝑁𝑠𝑏,𝑓 𝑡(0)(1 − 𝑒−𝑎𝑠𝑏,𝑓 𝑡𝐷), (16)

here the 𝑎𝑠𝑏,𝑓 𝑡 = 𝑘𝑠𝑏,𝑓 𝑡/𝐷𝑅.
Obviously, the following relation exists: 𝛥𝑁𝑓𝑡(D) = 𝛥𝑁𝑜𝑣,𝑓 𝑡(D) +

𝑁𝑠𝑏,𝑓 𝑡(D). Using Eq. (3), we got:

𝑉𝑓𝑡(𝐷) = 𝛥𝑉𝑜𝑣,𝑓 𝑡(𝐷) + 𝛥𝑉𝑠𝑏,𝑓 𝑡(𝐷), (17)

𝑉𝑜𝑣,𝑓 𝑡(𝐷) = 𝑉𝑜𝑣,𝑓 𝑡(1 − 𝑒−𝑎𝑜𝑣,𝑓 𝑡𝐷), (18)

𝑉𝑠𝑏,𝑓 𝑡(𝐷) = 𝑉𝑠𝑏,𝑓 𝑡(1 − 𝑒−𝑎𝑠𝑏,𝑓 𝑡𝐷). (19)

The used MG technique also determines the density of switching
raps (STs), 𝛥𝑁𝑠𝑡. The STs contain [24]: the slow switching traps (SSTs),
ocated near the SiO2/Si interface, whose density is 𝛥𝑁𝑠𝑠𝑡, and fast
witching traps (FSTs), located exactly on this interface, whose density
s 𝛥𝑁𝑓𝑠𝑡. The relation between these densities is given by Eq. (4), but
he component of threshold voltage shift induced by the STs, 𝛥𝑉𝑠𝑡, is:

𝑉𝑠𝑡(𝐷) = 𝛥𝑉𝑠𝑠𝑡(𝐷) + 𝛥𝑉𝑓𝑠𝑡(𝐷), (20)

here the 𝛥𝑉𝑠𝑠𝑡 and 𝛥𝑉𝑓𝑠𝑡 represent contributions of SSTs and FSTs,
espectively.

The OVs and SBs also exist near SiO2/Si interface and the same
ethodology can be applied to SSTs, as it was applied to FTs. This
rocedure gives an equation similar with Eqs. (17)–(19):

𝑉𝑠𝑠𝑡(𝐷) = 𝑉𝑜𝑣,𝑠𝑠𝑡(1 − 𝑒−𝑎𝑜𝑣,𝑠𝑠𝑡𝐷) + 𝑉𝑠𝑏,𝑠𝑠𝑡(1 − 𝑒−𝑎𝑠𝑏,𝑠𝑠𝑡𝐷). (21)

The contribution of FSTs, 𝛥𝑉𝑓𝑠𝑡, to 𝛥𝑉𝑠𝑡 during irradiation can
sually be neglected, giving: 𝛥𝑉𝑠𝑡(D) ≈ 𝛥𝑉𝑠𝑠𝑡(D).

Fig. 6 represents the experimental values of 𝛥𝑉𝑇 , 𝛥𝑉𝑓𝑡, and 𝛥𝑉𝑠𝑡
uring irradiation with 𝑉𝐺,𝑟𝑎𝑑 = 4 V, as well as the fitting of 𝛥𝑉𝑓𝑡 and
𝑉𝑠𝑡 using Eqs. (17) and (21), respectively, but 𝛥𝑉𝑇 was obtained using
q. (2). For all gate voltages, the fitting is very well (no results for other
oltages are shown). All fittings were performed using the GUI Octave
.2.0 program.

However, this fitting procedure of 𝛥𝑉𝑇 (D) is complicated for dosi-
metric purposes. Therefore, our idea is to use a simple function that
would fit 𝛥𝑉𝑇 (D) well. Our investigations have shown that 𝛥𝑉𝑇 (D) can
be fitted very well using the equation proposed in [21,22]:

𝛥𝑉𝑇 (𝐷) = 𝛥𝑉𝑇 ,𝑠𝑎𝑡 −
𝛥𝑉𝑇 ,𝑠𝑎𝑡
1 + 𝑏𝐷𝑐 (22)

here 𝛥𝑉𝑇 ,𝑠𝑎𝑡, b and c are the positive constants. The 𝛥𝑉𝑇 ,𝑠𝑎𝑡 represents
he saturation value of 𝛥𝑉𝑇 (D) and can be used to find the dependence
f 𝛥𝑉𝑇 (D) on 𝑉𝐺,𝑟𝑎𝑑 .

Fig. 7 shows that the fit of 𝛥𝑉𝑇 (D) using Eq. (22) is very well.
We obtained a much better fit using Eq. (22) than using power-law
function: 𝛥𝑉𝑇 (D) = a⋅D𝑏, and exponential function: 𝛥𝑉𝑇 (D) = a(1 - exp(-
b⋅D)), where a and b are positive constants. An important characteristic
f Eq. (22) that it saturates for D → ∞. Yilmaz et al. [1] and Kahraman
t al. [16] also used Eq. (22) and obtained a very well fit of 𝛥𝑉𝑇 . The

values of 𝛥𝑉 , b and c are given in Table 2.
𝑇 ,𝑠𝑎

4

Fig. 6. Fitting of 𝛥𝑉𝑓𝑡 and 𝛥𝑉𝑠𝑡 during irradiation by Eqs. (17) and (21).

Fig. 7. Fitting of 𝛥𝑉𝑇 dependence on dose by Eq. (22).

Table 2
The parameters 𝛥𝑉𝑇 ,𝑠𝑎𝑡, b and c of the fitting shown in Fig. 7.

𝑉𝐺,𝑟𝑎𝑑 (V) 𝛥𝑉𝑇 ,𝑠𝑎𝑡 (V) b (Gy−1) c

0 14.759 0.0137 0.836
2 35.511 0.0100 0.901
4 44.935 0.0098 0.928
6 52.073 0.0093 0.935

3.2. Spontaneous annealing

The room-temperature annealing (RTA) without gate voltage
(𝑉𝐺,𝑟𝑡𝑎 = 0 V) of irradiated RADFETs is known as spontaneous annealing
(SA) [28–31].

During the annealing with zero or positive gate voltage, electrons
tunnel from the substrate (Si) to the gate oxide (SiO2) due to a positive
electric field, where they compensate or/and neutralize the 𝐸𝛾 and 𝐸s
traps:

≡Si+o
⋅Sio≡ + e−→≡Si⋅o

⋅Sio≡, (23)

≡Si+o
⋅O–Sio≡ + e−→≡Si⋅o

⋅O–Sio≡. (24)

Using Eqs. (23) and (24), we obtained the dependence of densities
f 𝐸𝛾,𝛥𝑁𝐸𝛾

(𝑡), and 𝐸𝑠, 𝛥𝑁𝐸𝑠
(𝑡), on time during SA:

−
𝑑[𝑁𝐸𝛾

]

𝑑𝑡
= 𝑘𝛾 [𝑁𝐸𝛾

][𝑒−] ⇒ 𝛥𝑁𝐸𝛾
(𝑡) = 𝛥𝑁𝐸𝛾

(0)𝑒−𝑡∕𝜏𝛾 (25)

−
𝑑[𝑁𝐸𝑠

]
𝑑𝑡

= 𝑘𝑠[𝑁𝐸𝑠
][𝑒−] ⇒ 𝛥𝑁𝐸𝑠

(𝑡) = 𝛥𝑁𝐸𝑠
(0)𝑒−𝑡∕𝜏𝑠 (26)
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where 𝛥𝑁𝐸𝛾
(0) and 𝛥𝑁𝐸𝑠

(0) are the densities of 𝐸𝛾 and 𝐸𝑠 after irradi-
tion, respectively, but 𝜏𝛾 = 1/𝑘𝛾 and 𝜏𝑠 = 1/𝑘𝑠 are the constants that
how annealing rates. Obviously, on the basis of the above discussion,
e can write:

𝑁𝑓𝑡(𝑡) = 𝛥𝑁𝐸𝛾
(𝑡) + 𝛥𝑁𝐸𝑠

(𝑡), (27)

𝑉𝑓𝑡(𝑡) = 𝛥𝑉𝐸𝛾
(𝑡) + 𝛥𝑉𝐸𝑠

(𝑡), (28)

𝑉𝑓𝑡(𝑡) = 𝑉𝛾𝑒
−𝑡∕𝜏𝛾 + 𝑉𝑠𝑒

−𝑡∕𝜏𝑠 . (29)

Since our experimental results show a slight increase in 𝛥𝑁𝑠𝑡 during
nnealing, we assume that this can be attributed to the FSTs. The
ormation of FSTs is probably performed by the hydrogen ions, H+ [24].
he holes h+ react with ≡Sio–H and ≡Sio–OH defects in the oxide and
elease H+ ions that move to the interface because there is a positive
lectric field. At the interface, H+ ions react with electrons that tunnel
rom silicon to oxide, and form hydrogen atoms, Ho. Then, FSTs are
reated in the following reaction at the SiO2/Si interface:

Sis–H (–OH) + Ho→≡Si⋅s + H2(H2O), (30)

here ≡Si⋅s centre is the 𝑃b centre.
Using Eq. (30) and the previous procedure, we obtained the equa-

ion for density of ≡Sis–H (–OH) defects during annealing, 𝑁𝐻 (t):

𝑑[𝑁𝐻 ]
𝑑𝑡

= 𝑘𝐻 [𝑁𝐻 ][𝐻𝑜] ⇒ 𝑁𝐻 (𝑡) = 𝑁𝐻 (0)𝑒−𝑘𝐻 ⋅𝑡, (31)

here the 𝑁𝐻 (0) is the density of ≡Sis–H (–OH) defects at the begin-
ing of annealing, [Ho] is the hydrogen atom density and 𝑘𝐻 is the

reaction rate constant. During annealing, while the 𝑁𝐻 (t) decreases,
the density of 𝑃b (≡Si⋅s) centres, 𝛥𝑁𝐻 (t), increases:

𝛥𝑁𝐻 (𝑡) = 𝑁𝐻 (0) −𝑁𝐻 (0)𝑒−𝑘𝐻 𝑡. (32)

The 𝑃b centres are FSTs, i.e., 𝛥𝑁𝑓𝑠𝑡(t) ≡ 𝛥𝑁𝐻 (t), giving:

𝛥𝑉𝑠𝑡(𝑡) ≡ 𝛥𝑉𝑓𝑠𝑡(𝑡) = 𝑉𝑓𝑠𝑡(1 − 𝑒−𝑘𝐻 𝑡). (33)

Fig. 8 shows the fitting of 𝛥𝑉𝑇 , 𝛥𝑉𝑓𝑡, and 𝛥𝑉𝑠𝑡 during SA of irra-
diated RADFET with 𝑉𝐺,𝑟𝑎𝑑 = 4 V. A very good fit of the experimental
results can be seen. Similar results were obtained for other gate voltages
𝑉𝐺,𝑟𝑎𝑑 (not shown). The STs have a negligible effect on 𝛥𝑉𝑇 , and 𝛥𝑉𝑇
can be modelled by including only FTs. It should be noted that the
𝛥𝑉𝑠𝑡 is about seven times less than the 𝛥𝑉𝑓𝑡 at the beginning of SA
(about eight times at the end of irradiation — see Fig. 6). The results
in Fig. 4 show that FTs, and thus 𝛥𝑉𝑇 , can be very successfully modelled
during SA using two types of radiation-induced FTs (Eq. (29)). This
fitting procedure is complicated for dosimetric purposes, but it is a very
important for physical mechanisms investigation in RADFETs, as well
as in other MOSFETs, during thermal and room-temperature annealing.

The threshold voltage shifts during SA, 𝛥𝑉𝑇 , of irradiated RADFETs
with different positive gate voltages, 𝑉𝐺,𝑟𝑎𝑑 , are shown in Fig. 9. The
𝑉𝐺,𝑟𝑎𝑑 obviously influences 𝛥𝑉𝑇 , but a dependence 𝛥𝑉𝑇 = f(𝑉𝐺,𝑟𝑎𝑑)
displayed in this graph is not suitable for bringing some conclusions
about both the level of recovering and dependence of 𝛥𝑉𝑇 on 𝑉𝐺,𝑟𝑎𝑑 .

Because of that, the fading, f, should be used [28,29]:

𝑓 =
𝑉𝑇 (0) − 𝑉𝑇 ,𝑠𝑎(𝑡)
𝑉𝑇 (0) − 𝑉𝑇 0

(34)

where 𝑉𝑇 (0) is the threshold voltage after irradiation, i.e. at the be-
ginning of SA, 𝑉𝑇 (t) is the threshold voltage during SA, and 𝑉𝑇 0 is the
hreshold voltage before irradiation.

On the basis of previous analysis, it is obvious that several mecha-
isms are included in fading behaviour, and its fitting by these mecha-
isms would be very complicated. However, the fading, as a dosimetric
arameter, needs a simple fitting function.

Our investigations have shown that the following simple function
an fit the fading f well [32]:

= 𝑓 −
𝑓𝑠𝑎𝑡 , (35)
𝑠𝑎𝑡 1 + 𝑑𝑡𝑒
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Fig. 8. Fitting of dependencies of 𝛥𝑉𝑓𝑡 and 𝛥𝑉𝑠𝑡 on time by Eqs. (29) and (33).

Fig. 9. The threshold voltages shift, 𝛥𝑉𝑇 , during SA of RADFETs irradiated with various
gate voltages, 𝑉𝐺,𝑟𝑎𝑑 .

Fig. 10. The fading, f, of irradiated RADFETs with various gate voltages, 𝑉𝐺,𝑟𝑎𝑑 , fitted
by Eq. (35).

where t is the annealing time, 𝑓𝑠𝑎𝑡 is the saturation value of the fading,
d and e are the positive constants. The results of fading and its fitting
is shown in Fig. 10. The fading has almost the same values for all gate
voltages applied during irradiation, except for 𝑉𝐺,𝑟𝑎𝑑 = 0 V, when fading
is more than twice lower, and is well fitted by Eq. (35).

Fig. 11 represents the behaviours of 𝛥𝑉𝑓𝑡 and 𝛥𝑉𝑠𝑡 during SA of
rradiated RADFET with 𝑉𝐺,𝑟𝑎𝑑 = 0 V. The densities of FTs and STs show
he opposite behaviour: the FT density decreases, while the ST density
ncreases. On the basis of Eq. (34), it can be written [32]:

=
𝛥𝑉𝑇 (0) − 𝛥𝑉𝑇 ,𝑠𝑎(𝑡) =

𝛥𝑉𝑇 (0) − (𝛥𝑉𝑓𝑡,𝑠𝑎(𝑡) + 𝛥𝑉𝑠𝑡,𝑠𝑎(𝑡)) (36)

𝛥𝑉𝑇 (0) 𝛥𝑉𝑇 (0)
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Fig. 11. The 𝛥𝑉𝑇 , 𝛥𝑉𝑓𝑡 and 𝛥𝑉𝑠𝑡 during SA (𝑉𝐺,𝑟𝑎𝑑 , = 0 V).

Fig. 12. The dependence of 𝛥𝑉𝑇 @110, f@1968 and GR on gate voltage.

where 𝛥𝑉𝑇 (0) is the threshold voltage shift after irradiation, i.e. at the
beginning of SA, and 𝛥𝑉𝑇 ,𝑠𝑎(t) is the threshold voltage shift during SA.
At beginning of SA (𝑡 = 0), 𝛥𝑉𝑇 ,𝑠𝑎(0) = 𝛥𝑉𝑇 (0), and 𝑓 = 0. During
SA, 𝛥𝑉𝑇 ,𝑠𝑎(t) usually decreases, which gives the positive fading that
increases. Else, 𝛥𝑉𝑇 ,𝑠𝑎(t) can also increase (reverse annealing), giving
the negative fading which absolute value increases. In Fig. 11, the
decrease of FT density is somewhat higher than the increase of ST
density, which leads to the decrease of 𝛥𝑉𝑇 ,𝑠𝑎(t) (Eq. (2)), and the
increase of positive fading (see Fig. 10).

Since the sensitivity and fading are sole dosimetric parameters,
we can introduce a new dosimetric parameter, Golden Ratio, GR, that
connects these two parameters:

𝐺𝑅 =
𝛥𝑉𝑇 (𝐷max)
𝑓 (𝑡max)

, (37)

where the 𝛥𝑉𝑇 (𝐷𝑚𝑎𝑥) is the 𝛥𝑉𝑇 at the last point of irradiation of 110 Gy
and f (𝑡𝑚𝑎𝑥) is the fading at the last point of SA of 1968 h. The higher GR
represents the better dosimetric characteristics of the pMOS dosimeter
that should have a large 𝛥𝑉𝑇 and a small f. This means that GR can be
used as a good parameter to compare different pMOS dosimeters or to
examine the effect of operating conditions (e.g. as in our case, different
gate voltages).

The 𝛥𝑉𝑇 @110, f@1968 and GR are shown in Fig. 12. The f@1968
is multiplied by 100 so that it can be displayed on the same axis
with 𝛥𝑉𝑇 @110. As can be seen, the highest GR (the best dosimetric
characteristic) is for 𝑉𝐺,𝑟𝑎𝑑 = 6 V, and the smallest GR (the worst
dosimetric characteristic) is for 𝑉𝐺,𝑟𝑎𝑑 = 2 V.

4. Conclusion

The experimental results show a non-linear increase in threshold

voltage shift, 𝛥𝑉𝑇 , of used RADFETs during the irradiation up to

6

110 Gy. The dependence of 𝛥𝑉𝑇 on gate voltage, 𝑉𝐺,𝑟𝑎𝑑 , applied during
radiation is also not linear and has a saturation trend. Using the
traps created by irradiation, dependence of threshold voltage shift on
dose, 𝛥𝑉𝑇 = f (D), is modelled very well. This procedure can also be
used for modelling of irradiation traps in various MOSFETs. How-
ever, this procedure is so complicated for dosimetric purposes, which
need fast measurements. Because of that, the simple function for 𝛥𝑉𝑇
fitting, previously proposed, is used, and it fits 𝛥𝑉𝑇 very well. The
𝛥𝑉𝑇 during spontaneous annealing is modelled very well using the
traps created during irradiation. Fading is also very well fitted with
the previously proposed function. A potentially important dosimetric
parameter (Golden Ratio, GR) is proposed. This parameter can be useful
for comparing the different types of MOS dosimeters under the same
conditions during radiation and annealing (voltage, temperature, . . . )
or for comparing the one type of MOS dosimeter under different
conditions. Here, based on GR, the best dosimetric characteristic has
𝑉𝐺,𝑟𝑎𝑑 = 6 V case.
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