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A B S T R A C T

Interface degradation-induced shifts of MOSFET thermal coefficients and zero temperature coefficient current
(𝐼𝑍𝑇𝐶 ) were studied by monitoring the interface traps (𝑁𝑖𝑡) growth in a thick oxide n-channel MOSFET due to
exposure to ionizing radiation, and to further annealing at room temperature. A new physics-based compact
model was proposed to account for the observed results, and to predict the evolution of these parameters as
interface traps are generated during stress. Within a range (0–40◦C) around room temperature, both the inverse
of the mobility and the threshold voltage thermal coefficient varied roughly linear with 𝑁𝑖𝑡, with relative
variations of 5.2 × 10−13 eV cm2 and −9.33 × 10−13 eV cm2, respectively. Furthermore, the dependence for 𝐼𝑍𝑇𝐶
with 𝑁𝑖𝑡 can also be approximated to a linear expression, with a relative increment of 1.94 × 10−12 eV cm2. The
implications for temperature error mitigation in MOS sensors were discussed.
1. Introduction

Temperature changes affect the electrical characteristics of a metal–
oxide–semiconductor field-effect transistor (MOSFET) due to its effects
on both threshold voltage (𝑉𝑇 ) and channel carriers mobility (𝜇).
This issue is particularly relevant for sensor applications, such as ion-
sensitive field-effect transistor (ISFET) [1–3] or MOS dosimeters [4–8],
where the value of 𝑉𝑇 is taken as a measure of the variable to be
sensed, and the temperature-induced 𝑉𝑇 -shift leads to misreadings. To
mitigate this undesired effect, several error compensation techniques
were proposed [9–14].

There is a device operation point at which 𝑉𝑇 and 𝜇 temperature
dependencies compensate each other, so this point remains unaffected
by temperature variations [15]. The current at this bias point is known
as the Zero Temperature Coefficient current (𝐼𝑍𝑇𝐶 ) and it is used for
temperature error rejection in MOS sensors [16,17], but also in circuit
design for analog/RF applications in a wide temperature range [18],
and in current references for reading of the programmed states in
multilevel phase change memories [19].
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Interface traps growth along the device aging modify both 𝑉𝑇 and 𝜇
temperatures dependencies, leading to a displacement of the ZTC point,
which impoverishes temperature-error rejection [17,20]. As device
dimensions shrink, this growth is accelerated by electrical stress even
at low voltages becoming a major concern [21,22]. Regarding sensor
applications, this effect is particularly relevant for MOS dosimeters as
the exposure to ionizing radiation is known to increase interface traps
generation [23].

In this work, a thick gate oxide MOSFET is exposed to ionizing
radiation and traps are generated at the Si/SiO2 interface. Before and
after each irradiation session, and also during post-irradiation room
temperature annealing, 𝐼𝐷 − 𝑉𝐺𝑆 curves are measured at different
temperatures, and both interface traps density (𝑁𝑖𝑡) and thermal pa-
rameters are obtained. From the analysis of the experimental results
and based on previously well-established physical principles, a novel
compact model is proposed to consider both temperature and interface
traps effects simultaneously, leading to an expression for the change in
the ZTC current with interface traps growth.
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Fig. 1. Cross section of the device used in this paper [24].

2. Experiments and results

2.1. Device under test

The device under study is a thick oxide n-channel MOSFET fab-
ricated in a standard CMOS process where the field oxide, which is
normally used to isolate non-active areas of the chip, is used as gate
oxide. The field oxide thickness in this fabrication process is 𝑡𝑜𝑥 =
566 nm. The device was fabricated to be used as a dosimeter and it was
found useful to the present study given its high 𝑉𝑇 sensitivity. A cross
section of the device is presented in Fig. 1. The device was designed
with geometry 𝐿 = 25 μm and 𝑊 = 110 μm and multiplicity 𝑀 = 4,
leading to an effective width 𝑊𝑒𝑓𝑓 = 𝑀 × 𝑊 = 440 μm. For more
information on the device the reader can refer to [24,25].

2.2. Characteristic curves

To study the behavior of the thermal characteristic of the transistor,
different sets of 𝐼𝐷 vs 𝑉𝐺𝑆 curves with drain connected to gate (𝑉𝐷𝑆 =
𝑉𝐺𝑆 ) were measured. Each set or family represents a temperature sweep
between 0 ◦C and 40 ◦C, with 10 ◦C steps with a precision temperature
controller [26].

In order to investigate how the radiation affects the thermal pa-
rameters, the device was irradiated with a fixed gate bias 𝑉𝐵𝐼𝐴𝑆 =
12V, while all other terminals were grounded. After irradiation, the
family of curves were measured at different temperatures. After the last
irradiation session, the device was stored at room temperature without
any bias, and after some elapsed time a new set of curves was measured.

Fig. 2 shows the results for different accumulated radiation dose.
After each irradiation, the family of curves shifts to lower voltages,
due to increasing hole capture in the gate oxide. Conversely, in Fig. 3,
where the family of curves are plotted for different elapsed times
after irradiation, a voltage recovery occurs, with each set of curves
shifting to higher voltages as time goes by. This recovery, also known as
fading, is mainly driven by the slow thermal or tunneling neutralization
or annealing of the radiation-induced oxide trapped charge, and can
continue for days or even months after irradiation [27].

As mentioned in the introduction, another physical effect of radi-
ation on MOS devices is the increase in interface traps density 𝑁𝑖𝑡. It
is accepted that depassivation of interface traps is a two-stage process
known as Hole Trapping, Hydrogen Transport [28]. When a hole is
captured in an oxide trap, a Hydrogen ion (proton) is released and
transported towards the Si–SiO2 interface according to the local elec-
tric field. When the proton reaches the interface, it can react with a
SiH bond (a passivated interface trap), forming a H2 and leaving an
unbonded Si behind (a dangling bond, or interface trap).

The only phenomena that is induced by radiation is the hole trap-
ping process. Once the device is no longer exposed to radiation, protons
may be still being transported within the oxide and can reach the
interface several days after the irradiation is finished. This is why the
2

Fig. 2. Current–voltage family of curves for different accumulated radiation dose. Each
family (each color group) consists of 𝐼𝐷 vs. 𝑉𝐺𝑆 curves with drain connected to gate
(𝑉𝐷𝑆 = 𝑉𝐺𝑆 ) at five different temperatures from 0 ◦C to 40 ◦C in 10 ◦C steps. The
rightmost family (blue) is for the non-irradiated device. Colored arrows show the
temperature increment for each family of curves.

Fig. 3. Current–voltage family of curves at different elapsed times after completing a
total dose of 180Gy. Each family (each color group) consists of 𝐼𝐷 vs. 𝑉𝐺𝑆 curves with
drain connected to gate (𝑉𝐷𝑆 = 𝑉𝐺𝑆 ) at five different temperatures from 0 ◦C to 40 ◦C
in 10 ◦C steps. The leftmost family (blue) was measured right after irradiation. Colored
arrows show the temperature increment for each family of curves. The curve prior to
any irradiation for 20 ◦C is show for reference (dashed black line).

Fig. 4. Subthreshold region in semi-logarithmic scale for different accumulated dose.
All curves correspond to the current–voltage characteristics in Fig. 2 at 𝑇 = 20 ◦C,
and the curves are shifted so that they coincide for current 𝐼𝐷 = 1 nA, meaning that
𝛥𝑉𝐺𝑆 = 𝑉𝐺𝑆 − 𝑉𝐺𝑆 (1 nA).
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Fig. 5. Subthreshold region in semi-logarithmic scale for different periods of time after
irradiation. All curves correspond to the current–voltage characteristics in Fig. 3 at
𝑇 = 20 ◦C, and the curves are shifted so that they coincide for current 𝐼𝐷 = 1 nA,

eaning that 𝛥𝑉𝐺𝑆 = 𝑉𝐺𝑆 −𝑉𝐺𝑆 (1 nA). The decrease in the slope continues several days
fter irradiation is finished.

nterface traps density increment can be observed even after radiation
xposure ends.

The increase in 𝑁𝑖𝑡 is directly related to the decrease in the MOS
ub-threshold slope. The sub-threshold slope is the increment rate of
he drain current with the gate voltage in a semi-logarithmic plot of
he characteristic curves in the sub-threshold region. The consistent
ecrease in the sub-threshold slope shown in Figs. 4 and 5 means that
nterface trap density increases with absorbed dose and continues to
ncrease days after irradiation is over.

. Measurement analysis and modeling

To study how the MOSFET temperature coefficients change with
adiation, the parameters 𝑘 and 𝑉𝑇 that model the drain current of the
ransistor in saturation regime, as shown in Eq. (1), were extracted for
ll the characteristic curves in both Fig. 2 and 3.

𝐷 = 𝑘
(

𝑉𝐺𝑆 − 𝑉𝑇
)2 (1)

where

𝑘 =
𝜇𝐶𝑜𝑥
2

𝑊
𝐿

; (2)

𝐶𝑜𝑥, 𝑊 and 𝐿 are device constants. For a given device 𝑘 is propor-
tional to the inversion channel mobility (𝜇).

Likewise, sub-threshold slope values were extracted from the linear
range in the characteristic semi-logarithmic curves at 20 ◦C for each of
the measurements in Figs. 4 and 5. The change in the interface traps
density was then calculated by means of [29]

𝛥𝑁𝑖𝑡 =
𝐶𝑜𝑥

𝑞 𝑘𝐵 𝑇 ln(10)
𝛥𝑆 (3)

where 𝑞 is the elementary charge, 𝑘𝐵 is the Boltzmann constant and
𝛥𝑆, known as the sub-threshold swing, is the change in the inverse of
he sub-threshold slope. 𝛥𝑁𝑖𝑡 is referred to the non-irradiated device
𝑁𝑖𝑡 = 𝑁𝑖𝑡 −𝑁𝑖𝑡(0Gy).

A total of 40 sets of parameters were obtained, combining 5 dif-
erent temperatures and 8 different interface traps density conditions.
our of these 𝑁𝑖𝑡 conditions were estimated right after irradiation
Figs. 2 and 4), whereas the other four 𝑁𝑖𝑡 conditions were estimated
t different time elapsed after the last irradiation (Figs. 3 and 5).

As a summary of the results, Fig. 6 shows the change in the three
stimated parameters at 𝑇 = 20 ◦C with dose and with time after
3

rradiation.
Fig. 6. Estimated parameters 𝑉𝑇 , 𝑘 (both at 𝑇 = 20 ◦C) and 𝛥𝑁𝑖𝑡 and their evolution
with accumulated dose and elapsed time since last irradiation.

3.1. Mobility temperature model

A mobility temperature model, derived from the one presented by
Chain, et al. [30], is proposed to explain the experimental results. We
start by simplifying Chain’s model taking into account that:

(i) Coulombian scattering by bulk impurities can be neglected as it
is relevant only at low temperatures;

(ii) in the small range of oxide fields where our measurements took
place there is negligible dependence of the mobility on the
electric field; and

(iii) bulk and source are short-circuited in our measurements.

Under these conditions, three sources of scattering remain:

(1) phonon scattering due to lattice vibration;
(2) surface roughness scattering due to the microscopic roughness

of the Si–SiO2 interface; and
(3) coulomb scattering from the Si–SiO2 interface charges.

herefore, Chain’s mobility expression is reduced to:

=
𝜇0

(1 + 𝑂𝑎)
(

𝑇
𝑇0

)3∕2
+ 𝑂𝑏

(

𝑇
𝑇0

)−1∕2
+ 𝑂𝑐

(

𝑇
𝑇0

)

. (4)

𝜇0 in (4) is the pre-irradiation value at 𝑇0 = 20 ◦C and 𝑂𝑎, 𝑂𝑏, 𝑂𝑐
are fitting parameters that account for phonon, roughness and interface
charge scattering respectively, retaining the temperature dependence
while absorbing the field dependence of Chain’s equation in the new
coefficients, according to considerations (i) to (iii) above.

The pre-irradiation experimental results were fitted with model (4).
Assuming negligible the influence of interface charge due to an initial
low interface traps density (𝑂𝑐 ≈ 0), yields 𝑂𝑎 ≈ −𝑂𝑏 ≈ 0.5 — exact
values from regression are 𝑂𝑎 = 0.493 ± 0.013 and 𝑂𝑏 = −0.494 ±
0.012. With these values of 𝑂𝑎 and 𝑂𝑏, and considering 𝑂𝑐 = 0, the
pre-irradiation mobility model can be reduced within our working
temperature range, to — see Appendix:

𝜇 =
𝜇0

(

𝑇
𝑇0

)5∕2
(5)
the mobility temperature dependence empirically obtained in [31,32].



Microelectronics Reliability 137 (2022) 114752R. García Cozzi et al.

i

𝑁

𝜇

w

d
a
c

𝜇

T
e
i

a

w
d
f

𝜃

i
d

w

𝑓

a

Fig. 7. Normalized values of parameter 𝑘 vs. interface traps density. The 𝛼 parameter
s the slope of the linear fit (dashed line).

Concerning the mobility dependence with interface traps density
𝑖𝑡, the following empirical relationship:

=
𝜇0

1 + 𝛼𝛥𝑁𝑖𝑡
(6)

where 𝜇0 is the pre-irradiation value and 𝛼 is a fitting parameter,
as found by Sexton and Schwank [33].

Eq. (4) gives no information on how 𝑂𝑐 changes with interface traps
ensity creation, while equation (6) does not consider how temperature
ffects the mobility. Analyzing the results obtained for 𝑂𝑎 and 𝑂𝑏 and
onsidering 𝑇 = 𝑇0, Eq. (4) is simplified to:

=
𝜇0

1 + 𝑂𝑐
. (7)

Comparing equation (7) with Eq. (6) we pose that the parameter 𝑂𝑐
should be affected by interface traps creation, and hence propose that
𝑂𝑐 = 𝛼 𝛥𝑁𝑖𝑡 to account for this change, where 𝛼 is the same parameter
as in Eq. (6).

Finally, considering equation (4), the results obtained for param-
eters 𝑂𝑎 and 𝑂𝑏, which lead to an equivalence with Eq. (5), and the
proposed dependence of 𝑂𝑐 with 𝛥𝑁𝑖𝑡, the following model for the 𝑘
parameter, proportional to the mobility, is obtained:

𝑘 =
𝑘0

(

𝑇
𝑇0

)5∕2
+ 𝛼 𝛥𝑁𝑖𝑡

(

𝑇
𝑇0

)

. (8)

he parameter 𝑘0 corresponds to 𝑘 when the temperature is the ref-
rence temperature, 𝑇 = 𝑇0 = 20 ◦C in our case, and for the initial
nterface traps density, 𝛥𝑁𝑖𝑡 = 0. For the device under test, 𝑘0 =
4.94 μA∕V2 which yields 𝜇0 = 92 cm2∕(V s).

In Fig. 7, the inverse of the normalized 𝑘 is plotted for 𝑇 = 𝑇0 =
20 ◦C. The linear fit of 𝑘0∕𝑘 = 1 + 𝛼 𝛥𝑁𝑖𝑡 yield the value of 𝛼 =
(5.2 ± 1.5) × 10−13 eV cm2, close to those obtained in other empirical
studies [33,34]. With the measured 𝑘0 and the 𝛼 obtained from the
linear fit, calculated curves in Eq. (8) are plotted along 40 experimental
points (eight 𝑁𝑖𝑡 times 5 temperature values) in Fig. 8 exhibiting a fairly
good agreement.

3.2. Threshold voltage temperature coefficient

The MOSFET threshold voltage is given by

𝑉𝑇 = 𝛷𝑚𝑠 + 2𝛷𝐵 − 1
𝐶𝑜𝑥

(

𝑄𝑜𝑥 +𝑄𝑑𝑒𝑝 +𝑄𝑖𝑡
)

(9)

where 𝛷𝑚𝑠 is the metal–semiconductor work function difference, 𝛷𝐵 is
the bulk potential, and 𝑄𝑜𝑥, 𝑄𝑑𝑒𝑝 and 𝑄𝑖𝑡 are the oxide, depletion and
interface charge densities. Eq. (9) can be rewritten as:

𝑉𝑇 = 𝑉𝑇 − 1 𝑄𝑜𝑥 −
1 𝑄𝑖𝑡 (10)
4

0 𝐶𝑜𝑥 𝐶𝑜𝑥
Fig. 8. Values of parameter 𝑘 as a function of temperature and parameterized by inter-
face traps density. Results estimated from measurements (markers) and corresponding
simulation results from the model (lines) with 𝛼 = 5.2 × 10−13 eV cm2 are shown. The
rrow indicates the increment of interface traps between sets of values.

here 𝑉𝑇0 is the pre-irradiation threshold voltage. The temperature
erivative of Eq. (10) yields the threshold voltage temperature coef-
icient 𝜃𝑇 :

𝑇 = 𝜃𝑇0 +
1
𝐶𝑜𝑥

𝜕𝑄𝑖𝑡
𝜕𝑇

(11)

where 𝜃𝑇0 is the pre-irradiation threshold voltage temperature coeffi-
cient and can be written as [15]:

𝜃𝑇0 =
𝛷𝑚𝑠
𝑇

+ 2
𝛷𝐵
𝑇

+

√

𝜖𝑠𝑞𝑁𝑎

𝐶𝑜𝑥
√

𝛷𝐵

𝜕𝛷𝐵
𝜕𝑇

. (12)

In Eq. (11) it is considered that the term for the oxide traps 𝑄𝑜𝑥
s independent from the temperature variations. The interface charge
ensity 𝑄𝑖𝑡 is given by [35]:

𝑄𝑖𝑡 = −𝑞 ∫

𝐸𝑐

𝐸𝑣

𝑁𝑖𝑡[𝐸] 𝑓 [𝐸]𝑑𝐸 (13)

here 𝑓 [𝐸] is the Fermi–Dirac distribution:

[𝐸] = 1
1 + 𝑒(𝐸−𝐸𝐹 )∕𝑘𝐵𝑇

. (14)

Taking into account that 𝐸𝐹 −𝐸𝑣 ≫ 𝑘𝐵 𝑇 , the Fermi–Dirac distribu-
tion is approximately equal to 1 in almost all the energy range between
𝐸𝑣 and 𝐸𝐹 , even at the higher temperatures in our measurements. Thus,
Eq. (13) can be written as:

𝑄𝑖𝑡 ≃ −𝑞 𝑁𝑖𝑡 (𝐸𝐹 − 𝐸𝑣). (15)

This 𝑁𝑖𝑡 value is equal to the one obtained from the Sub-threshold
Swing method, Eq. (3), and it represents the Interface Traps distribution
mean value.

Finally, replacing (15) in (11), 𝜃𝑇 can be rewritten as:

𝜃𝑇 = 𝜃𝑇0 −
𝑞𝑁𝑖𝑡
𝐶𝑜𝑥

𝜕(𝐸𝐹 − 𝐸𝑣)
𝜕𝑇

. (16)

In the studied temperature range, the relationship between 𝐸𝐹 −𝐸𝑣
nd 𝑇 is approximately linear, so the value of 𝜃𝑇 for each 𝛥𝑁𝑖𝑡 was

calculated through the linear approximation of Eq. (16).
Fig. 9 shows the comparison between the calculated and experimen-

tal values of 𝜃𝑇 . The stronger fading effect present in the characteristic
curves that were measured immediately after irradiation prevented the
acquisition of reliable 𝜃𝑇 values, so these points were excluded from the
figure. The progressive shift of the shown experimental values from the
linear model could be explained by a residual presence of fading in the
measurements.
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Fig. 9. Threshold voltage thermal coefficient vs. interface traps density. The red
markers are the experimental results and the dashed red line is their linear fit. The blue
line represents the model results. 𝜃𝑇0 was evaluated from (12) using 𝑁𝑎 = 1017 cm−3,
𝑜𝑥 = 6.1 nF∕cm2 and 𝛷𝑚𝑠 = −0.95V.

The slope of the theoretical linear relationship between 𝜃𝑇 and 𝛥𝑁𝑖𝑡
ields
𝜃𝑇
𝜃𝑇0

= 1 + 𝛾 𝛥𝑁𝑖𝑡 (17)

where 𝛾 = −9.33 × 10−13 eV cm2.

.3. Zero temperature coefficient current

One of the techniques to reduce the temperature error mentioned
n Section 1 is to bias the sensor at the Zero Temperature Coefficient
Current or ZTC current, defined as the drain current for which the
temperature sensitivity of the MOS transistor is minimum. One problem
associated with this method is that the ZTC current drifts with interface
traps growth, so that with aging the device becomes more sensitive to
temperature variation. In practice, this current is obtained by plotting
the 𝐼𝐷 vs 𝑉𝐺𝑆 characteristic of the transistor at different temperatures
and finding the point at which all curves intersect, as shown in Fig. 3,
a task that requires the use of a temperature controller and takes a
considerable amount of time. In this section the variation of the ZTC
current with absorbed dose will be studied and a model of its behavior
will be presented.

When a MOSFET is biased at the ZTC point, the following condition
holds [15,17,36]:
𝜕𝐼𝐷
𝜕𝑇

= 0. (18)

n Figs. 2 and 3 it can be seen that the ZTC current is found in the
aturation regime. Remembering the drain current expression used in
ection 3:

𝐷 = 𝑘
(

𝑉𝐺𝑆 − 𝑉𝑇
)2 . (19)

Condition (18) can be applied to (19), which yields:
𝜕𝑘
𝜕𝑇

(𝑉𝐺𝑆 − 𝑉𝑇 )2 − 2𝑘(𝑉𝐺𝑆 − 𝑉𝑇 )𝜃𝑇 = 0. (20)

The solution to the previous quadratic equation is:

𝑉𝐺𝑆 − 𝑉𝑇 =
2𝑘𝜃𝑇
𝜕𝑘
𝜕𝑇

. (21)

eplacing (21) in (19), the following expression of 𝐼𝑍𝑇𝐶 as a function
of 𝑘, its temperature derivative, and 𝜃𝑇 can be obtained:

𝑍𝑇𝐶 = 4𝑘3
(

𝜃𝑇
𝜕𝑘

)2

. (22)
5

𝜕𝑇
Fig. 10. 𝐼𝑍𝑇𝐶 current as a function of the in interface traps density 𝛥𝑁𝑖𝑡: measured
points (red markers) and theoretical model (blue markers).

From our obtained 𝑘 model (8), its derivative was calculated:

𝜕𝑘
𝜕𝑇

=
− 𝑘0

𝑇0

(

5
2

(

𝑇
𝑇0

)3∕2
+ 𝛼 𝛥𝑁𝑖𝑡

)

(

(

𝑇
𝑇0

)5∕2
+ 𝛼𝑁𝑖𝑡

𝑇
𝑇0

)2
. (23)

As with 𝜃𝑇 , the measured values of 𝐼𝑍𝑇𝐶 were also affected by
residual fading. Taking this into account, the theoretical 𝐼𝑍𝑇𝐶 points for
every corresponding 𝛥𝑁𝑖𝑡 were calculated using the 𝜃𝑇 model with the
experimental slope in Fig. 9. The comparison of the experimental 𝐼𝑍𝑇𝐶
points and those calculated with expression (22) is shown in Fig. 10.

When the current–voltage (I–V) curves are closely examined near
the ZTC condition, it can be seen that rather than a point, there is
a bounded range of currents for which the temperature sensitivity is
minimum. Therefore the experimental 𝐼𝑍𝑇𝐶 points were calculated as
the mean intersection current for the different curves and the error
as the standard deviation. It can be seen that the evolution of the
experimental points with 𝛥𝑁𝑖𝑡 satisfies the theory in the measured
range.

From Fig. 10, a linear model is proposed to predict the 𝐼𝑍𝑇𝐶 value
o be used as reference current in a radiation measurement:
𝐼𝑍𝑇𝐶
𝐼𝑍𝑇𝐶0

= 1 + 𝛽 𝛥𝑁𝑖𝑡 (24)

where 𝛽 = 1.94 × 10−12 eV cm2.
Eq. (24) requires only the 𝑁𝑖𝑡 variation, which is obtained through

the sub-threshold slope, to predict the new 𝐼𝑍𝑇𝐶 value.

4. Discussion

A thick gate oxide MOSFET was stressed by radiation exposure
in order to register the change in its thermal parameters. From the
measurements of the characteristic curves of the transistor, the electric
parameter 𝑉𝑇 and 𝑘 (proportional to the mobility) were obtained at dif-
ferent temperatures, and also the interface traps density was estimated,
recording their change with the absorbed dose and also with the time
after irradiation. Fig. 6 summarizes the shift in these parameters for
𝑇 = 20 ◦C. For 𝑉𝑇 , radiation causes a shift towards lower values due
to holes being captured in oxide traps. The interface traps generation
(𝛥𝑁𝑖𝑡) also affects the change in 𝑉𝑇 but in the different direction than
the oxide traps. This means that while the device is irradiated, the
hole trapping process rules the change in 𝑉𝑇 . Once the irradiation is
finished, the hole trapping process ceases, and the observed recovery
of 𝑉𝑇 is due to both the interface traps contribution which continues
and partial neutralization of the oxide trapped charge that may occur.
This is a well known behavior for n-channel devices [37,38]. The
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Fig. 11. Comparison between both models for mobility dependence with temperature.

obility (proportional to the parameter 𝑘) decreases with the radia-
tion exposure, and continues to decrease after the stress, showing no
recovery. This is the expected behavior as the change in mobility is
related with the increase of interface traps density, which continues
to grow after irradiation [28]. This behavior with irradiation has been
already observed [27,28,39,40], and a similar behavior can be observed
also with other stress mechanisms such as Negative Bias Temperature
Instability [41].

Before addressing the experimental results on the thermal param-
eters, we would like to make some remarks about expression (8) ob-
tained in this work relating mobility (or 𝑘 parameter of the transistor)
with temperature and interface traps density. The expression is based
on the theoretical expression (4) a simplified version of Chain’s [30]
which was found to be equal at first order in temperature (see Ap-
pendix) with the semi-empirical expressions found in [31,32] in case
surface contribution is disregarded, 𝑂𝑐 = 0, and 𝑂𝑎 ≈ −𝑂𝑏 ≈ 0.5
in (4) as surprisingly was found through our measurements. The surface
contribution was built combining the empirical dependence of mobility
with interface traps density at fixed temperature found by Sexton and
Schwank [33], with the theoretical temperature dependence of the
interface charge scattering on the mobility through the parameter 𝑂𝑐
in expression (4) [30], completing the unified expression (8) giving the
dependence 𝑘 = 𝑘(𝑇 , 𝛥𝑁𝑖𝑡).

From the experimental results we obtained 𝑂𝑎 ≈ −𝑂𝑏 ≈ 0.5 in (4),
𝛼 = (5.2±1.5)×10−13 eV cm2 in Eq. (8), the coefficient of 𝛥𝑁𝑖𝑡 in (17) was
calculated to be 𝛾 = −9.33×10−13 eV cm2, and 𝐼𝑍𝑇𝐶0

= 160.7 μA and 𝛽 =
1.94×10−12 eV cm2 in (24). The 𝐼𝑍𝑇𝐶0

is a completely sample dependent
parameter, but the other ones can be compared with references in the
literature and deserve some discussion.

The result 𝑂𝑎 ≈ −𝑂𝑏 ≈ 0.5 in (4) is after our demonstration of
its equivalence with (5), consistent with all those works where expres-
sion (5) fits experimental results [31,32]. Even though this result may
seem specific of our investigation and the fitting parameters obtained
in this work, the fact that several workgroups agree that the semi-
empirical expression (5) is valid, suggests that this agreement is of a
general matter. Fig. 11 shows both Chain’s model for mobility variation
with temperature and the semi-empirical model within an extended
temperature range. It can be seen that their agreement is almost perfect
within the experimental temperature range, but also the error between
both models is less than 10% in the range between −35 °C and 135 °C.
Returning to Chain’s expression, according to the results of the present
work, it could be enriched giving 𝑈𝑐1 a linear dependence with 𝛥𝑁𝑖𝑡.

As can be seen the only fitting parameter in our expression (8) is 𝛼
(𝑘0 is measured on non-irradiated devices). It was obtained from fitting
the family of curves in Fig. 8 to be 𝛼 = (5.2 ± 1.5) × 10−13 eV cm2 which
compares well with values found in the literature as seen in Table 1
6

despite being a process dependent parameter [34].
Table 1
Comparison of the obtained fitting parameter 𝛼 with other ones found in the literature

Article 𝛼 [×10−13 eV cm2]

This paper 5.2 ± 1.5
Sexton, et al. [33] 7.0 ± 1.3
Galloway, et al. [34] 8 ± 2

Even considering the misfits observed in Fig. 8 between experimen-
tal and modeled points the entire picture shows a rather good agree-
ment. The experimental points entail some uncertainties due mainly to
the fact that the experimental procedure required temperature changes
and stabilization time within which the device may have been affected
by two phenomena:

(i) the annealing of trapped charge (fading) [40] and
(ii) the creation of interface traps [39,40].

Both phenomena would recover 𝑉𝑇 and shift the different IV curves to
higher voltage, and may also stretch-out the curves in the sub-threshold
region. Given the short time elapsed during the IV measurement, we
consider that the instability occurred mainly between measurements.
Both phenomena are correlated [39], and decrease with the elapsed
time from irradiation. As days go by, the time needed for the ex-
perimental procedure becomes relatively negligible, and so does the
instability. For this reason we give more weight in the fitting to those
points with longer post irradiation elapsed time. This was explicitly
done in Figs. 9 and 10 where only those points were taken into account,
and even these remaining points are considered to be affected by the
same effect causing the deviation of the experimental points from the
model line in Fig. 9 which is thus a theoretical limit to the experimental
results.

The presented results are particularly relevant for MOS dosimeters
as interface traps creation occurs along the radiation exposure. The
methods employed to minimize temperature-induced error, either by
biasing the sensor at 𝐼𝑍𝑇𝐶 or by applying a correction that depends
on temperature changes are, therefore, not reliable unless a periodic
update of the thermal parameters is performed [8,17,20]. The model
presented here simplifies this task.

5. Conclusions

The thermal characteristics of MOSFETs and the effects of interface
traps growth on the thermal parameters were studied. A physics based
model for the variation of the 𝐼𝑍𝑇𝐶 with the interface traps buildup
was developed. In this model the temperature effects on mobility, as
well as the effects of interface traps on both mobility and Threshold
Voltage Temperature Coefficient were combined in order to be able
to predict how the 𝐼𝑍𝑇𝐶 would change in response to the creation of
interface traps. In the range studied around room temperature, it was
observed that the dependency of 𝐼𝑍𝑇𝐶 with 𝛥𝑁𝑖𝑡 is very close to its
linear regression, hence a simplified empirical linear relationship was
proposed, which showed fair agreement with experimental data.
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Appendix. Mobility expression reduction

We begin replacing equation (4) with the parameters obtained by
fitting the pre-irradiation experimental results:

𝜇 =
𝜇0

1.5
(

𝑇
𝑇0

)3∕2
− 0.5

(

𝑇
𝑇0

)−1∕2
(25)

here 𝑂𝑐 in (4) was taken to be 0 on the non-irradiated sample.
Given that in other studies a different mobility temperature depen-

ence was found – proportional to 𝑇 −5∕2 – the relationship between
oth representations for the obtained parameter values was explored,
inding that they have identical first order polynomial approximation:

𝑇
𝑇0

)3∕2
=
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2
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≃ 1 − 1
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Therefore

1.5
(

𝑇
𝑇0

)3∕2
− 0.5

(

𝑇
𝑇0

)−1∕2
≃
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=

+ 5
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≃
(

𝑇
𝑇0

)5∕2

The above result allows the following approximation in the working
emperature range, in which 𝛥𝑇 ∕𝑇0 = 20∕298 ≃ 0.067:

1.5
(

𝑇
𝑇0

)3∕2
− 0.5

(

𝑇
𝑇0

)−1∕2
≃
(

𝑇
𝑇0

)5∕2
(26)

Eq. (25) can then be simplified to (5).
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