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ABSTRACT

In this scientific research work, the dependence of the capacitance of trap states at the oxide—semiconductor inter-
face (C,) on the interface trap density (D,) in nano-scale SOI FinFET transistors, as well as its effect on the main
electrophysical parameters of the device, was systematically studied. The modeling was carried out on the basis
of the drift—diffusion transport model, and quantum corrections based on the density gradient approach were
applied to take into account quantum effects at the nanometer scale. The mobility model, the dependence on
impurity atom concentration, and the velocity saturation effect occurring under strong electric fields were taken
into consideration. The capacitance of trap states at the oxide—semiconductor interface was evaluated based on the
relation C, = ¢°D,, and its effects on the electrostatic field potential, charge carrier concentration, the subthreshold
slope (SS) of the current-voltage characteristic, threshold voltage (¥,), and current-voltage characteristics were
comprehensively analyzed. The results show that, with an increase in the interface trap density, an increase in C,
is observed, which reduces the electrostatic control of the gate over the channel. As a consequence, the sensitivity
of the electrostatic field potential to the gate voltage decreases, the charge carrier concentration along the channel
decreases, and the subthreshold regime characteristics deteriorate. The obtained results show that the quality of the
oxide—semiconductor interface in nano-scale SOI FinFET transistors is one of the main factors determining the
operating characteristics of the device, and they justify the necessity of controlling surface states in the design of
high-performance nanoelectronic devices.

Keywords: SOI FinFET, interface trap capacitance, interface trap density, surface charge potential, subthreshold
slope, threshold voltage, drift—diffusion model.

INTRODUCTION

The rapid progress in the field of modern
nanoelectronics requires reducing the geomet-
ric dimensions of semiconductor devices down
to the nanometer scale. However, the transition
to such a scale gives rise to a number of com-
plex problems in transistors, including the inten-
sification of short-channel effects, an increase

in leakage currents, variation in threshold volt-
age, and deterioration of the electrostatic control
of the gate over the channel [1]. In this regard,
the need for new structural solutions capable of
providing a high level of electrostatic control is
increasing. As one of the most promising practi-
cal directions, multi-gate transistor structures, in
particular FinFET structures based on SOI tech-
nology, are being widely used and are playing an
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important role in improving the performance of
nanoscale devices [2].

In SOI-based FinFET transistors, as a result of
the channel region being surrounded by the gate
from several sides, the subthreshold characteris-
tics are significantly improved, leakage currents
are reduced, and the overall stability of the device
is enhanced [3]. At the same time, in nanoscale
structures, the quality of the interface region
remains a decisive factor. In particular, defects
and trap states present at the oxide—semiconduc-
tor interface significantly affects the electrophysi-
cal properties of the device [4]. As the interface
trap density (D,) increases, the number of ener-
getic states capable of trapping charge carriers at
the interface increases, which leads to changes in
electrostatic control processes as well as in the
transport characteristics of charge carriers [5].

One of the important properties of interface
states is their capacitive response. This response
is expressed through the capacitance of trap states
at the oxide—semiconductor interface (interface
trap capacitance), C,. The capacitance of inter-
face traps, describing the variation of the charge
trapped in the trap with respect to potential, is
considered a key parameter directly related to the
interface trap density [6]. The capacitance of inter-
face traps is determined by the following relation:

Cie = quit (1)

This expression shows that, as the interface
trap density increases, the capacitance of inter-
face traps also increases. As a result, a portion
of the gate voltage is spent not on controlling the
channel, but on balancing the charges trapped in
the traps. This reduces the sensitivity of the chan-
nel surface potential to the gate voltage and leads
to the degradation of the subthreshold regime [7].

In the subthreshold regime, the drain current
depends exponentially on the electrostatic poten-
tial at the channel surface, and changes in the
capacitance of trap states at the oxide—semicon-
ductor interface produce the most significant effect
precisely in this regime. An increase in the capaci-
tance of traps at the oxide—semiconductor interface
causes the degradation of subthreshold slope (SS),
that is, the deterioration of the control characteris-
tics of the transistor in the subthreshold region [8].
At the same time, traps located at the interface can
also alter the charge distribution along the channel,
electron concentration, current—voltage character-
istics, and threshold voltage.
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In existing scientific studies, the effects of the
interface trap density (D,) on threshold voltage,
subthreshold slope, or current—voltage charac-
teristics have often been investigated separately
[9,10]. However, a comprehensive analysis of the
capacitance of trap states at the oxide—semicon-
ductor interface (C,) in relation to these param-
eters has not been sufficiently covered. In par-
ticular, based on the dependence of C, on D, a
systematic study within a unified model of the
interaction among electrostatic field potential,
charge carrier concentration, the / iV, character-
istic, SS, and threshold voltage is an important
task from both scientific and practical points of
view. Accordingly, the main objective of this
research is to determine the dependence of the
capacitance of trap states at the oxide—semicon-
ductor interface on the interface trap density in
nanoscale SOI FinFET transistors and to compre-
hensively analyze its effects on the electrostatic
field potential, charge carrier concentration, SS,
threshold voltage, and current voltage charac-
teristics. Unlike previous studies, which mainly
investigated individual electrical parameters
separately, this work presents a unified electro-
static framework that correlates the interface trap
capacitance (C,) with surface potential (¢ ), car-
rier concentration, subthreshold swing, threshold
voltage (V,), and transfer characteristics (Id—Vg)
under identical interface trap density conditions.
This integrated analysis provides a more compre-
hensive understanding of the electrostatic degra-
dation mechanisms in nanoscale SOI FinFETs.

BACKGROUND

Nanoscale transistors, particularly the Fin-
FET architecture, differ from conventional pla-
nar MOSFETs in that they provide a high level
of electrostatic control, exhibit low leakage cur-
rents, and effectively suppress short-channel
effects. For this reason, FInFET devices are wide-
ly used as the main active elements in modern
integrated circuits. Research studies published
in recent years have shown that the three-dimen-
sional gate structure of FinFETs significantly
strengthens electrostatic control over the chan-
nel [11]. However, along with such geometric
advantages, an increase in the sensitivity of the
device to the quality of the oxide—semiconduc-
tor interface and to defects present at the surface
has also been observed [12]. In particular, it has
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been emphasized that an increase in the num-
ber of traps formed at the oxide—semiconductor
interface may adversely affect the electrophysical
parameters of the device. Trap states formed at
the oxide—semiconductor interface have the abil-
ity to capture and re-emit charge carriers, and
they directly affect the threshold voltage, sub-
threshold regime, current—voltage characteristics,
and reliability of the device. A number of studies
have shown that these states can reduce the elec-
trostatic control of the gate over the channel, and
that the interface trap density (D,) can be evalu-
ated based on variations in the threshold current
[13]. Also, in the classical MOS theory developed
by Chenming Hu, it was noted that the presence
of surface states and charges trapped in the oxide
can degrade the flat-band voltage V), threshold
voltage, and current characteristics in the sub-
threshold region [14]. This once again confirms
the importance of controlling the quality of the
interface region in nanoscale transistors. In the
literature, C, is defined as the derivative of the
charge charge captured by interface traps with
respect to the electrostatic potential:

_4Qit
ags

2)

In the works carried out by Boksteen and
co-authors, based on the functional relationship
between the charge trapped in interface traps
(Q,) and the surface potential (¢ ), the concept
of C (p) was introduced, and it was substanti-
ated that this quantity is directly related to the
subthreshold parameters. In particular, when the
trap states formed at the interface are expressed in
units of cm?-eV!' with respect to energy, a linear
dependence of the interface trap capacitance on

it

the interface trap density is shown to be observed
[15] (Figure 1).

In MOS structures, the total capacitance is
not limited to the ideal oxide capacitance. In the
works of Thomas and his co-authors, the equiva-
lent circuit for a real MOSFET is analyzed in the
following form:

11 1 (3)
c Cox Cacc+cdep+cit+cinv

Or, in the region where free charge carriers
(electrons and holes) are almost absent, it simpli-
fies to the following form:

1_1, 1 A
c Cox Cdep+cit ( )

These expressions explain the change in the
total gate-to-drain (source) capacitance with
increasing C,. In the literature, this very approach
is considered one of the theoretical bases for
determining D, through C-J analysis [16]. The
theory of the subthreshold slope is also closely
related to the capacitance of interface traps. In the
literature, the subthreshold slope is expressed by
the following formula:

_ kT CaeptCit
$§ = In(10) = (14 2etx) (5)

ox
This expression shows that, with an increase
in C,, SS also increases, that is, the subthreshold
switching characteristics of the device deteriorate.
In Boksteen’s work, this relationship was written
using the g /I, method, and the following formula
was used to evaluate C, directly from SS [17]:

SS

Cit = Gy ~ DCins (6)

Gate (G)
o
— Co
oxide layer
capacity
Cacc — Cdcp e Cil e — Cinv
Accumulation Depletion region Interface trap Illve{sioll
capacitance capacitance capacitance capacitance
Substrate

Figure 1. Equivalent capacitance scheme for real MOSFETs
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where: Ur =k—T, and this expression shows
that the interface trap capacitance can
be determined based on the subthreshold
region parameters [18].

In studies conducted by Boksteen and his col-
leagues, it was shown that the interface trap den-
sity in interface trap states can be determined on
the basis of the subthreshold current and the g /
I, method. In particular, the authors demonstrated
that, for symmetrically fully depleted devices,
the presence of interface traps increases the sub-
threshold ideality factor (body factor), m, above
unity (m > 1). This indicates a deterioration of
the gate electrostatic control caused by the addi-
tional capacitance associated with interface trap
states, resulting in an increase in the minimum
subthreshold swing. These results are of particu-
lar importance for FInFET devices fabricated on
the basis of nanoscale SOI technology. This is
because, at such a scale, the energy distribution
of interface traps directly affects the electrostatic
control of the gate over the channel as well as the
formation of the subthreshold regime [19]. Traps
present at the oxide—semiconductor interface also
have a strong effect on the threshold voltage.
In modern educational materials on the physics
of the MOSCAP (metal-oxide—semiconductor
capacitor), the threshold voltage for MOS struc-
tures is written as follows [20]:

Vin = Vip + Vox + @5 (7

where: Vs is the flat-band voltage (the gate volt-
age at which the energy bands at the semi-
conductor surface do not bend, that is, the
field potential created by the charges in
the traps is nearly equal to zero), V. is the
voltage drop across the oxide layer, and ¢
is the potential at the semiconductor sur-
face (the surface potential generated by
the local charges located in the traps).

Therefore, an increase in the amount of charge
Q, accumulated in the interface traps leads to a
shift in the flat-band voltage Vﬂ), which, in turn,
causes a change in the value of the threshold
voltage Vth. This shows that the effect of surface
defects and trap states formed at the interface is
not limited only to capacitance characteristics,
but is also an important factor determining the
threshold voltage, which is one of the main elec-
trical parameters of the device [21]. Analyses
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related to the surface potential (¢ ) generated
by the charges trapped in the traps at the oxide—
semiconductor interface occupy an important
place in studies carried out on MOS structures.
In particular, in the theory of MOS capacitors, it
is noted that the capacitance value is determined
entirely by the surface-state potential, that is, the
change in capacitance depends directly on the
change in ¢_[22]. From this point of view, trap
states at the interface affect the band bending
and potential modulation at the channel surface,
and as a result, these effects are reflected in the
capacitance—voltage (C—)) and current—voltage
V4 deg) characteristics. In multi-gate transistors,
particularly in FinFET structures, the sensitiv-
ity of the surface potential to the gate voltage
is required to be high. However, an increase in
the interface trap capacitance weakens this elec-
trostatic advantage and reduces the efficiency of
gate control over the channel.

Studies conducted in recent years confirm that
interface traps are indeed one of the main limiting
factors of the subthreshold regime. In particular,
in studies carried out in 2025 on InGaAs-based
nanosheet transistors, it was shown that the pres-
ence of trap states is directly related to the deg-
radation of SS, and they were interpreted as an
important factor limiting electrostatic control
efficiency [23]. Despite the difference in material
systems, these results reflect a general physical
law for nanoscale field-effect transistors: unless
interface trap states are sufficiently reduced, it
will be difficult to achieve improvement in the
electrophysical parameters of transistors. Never-
theless, in most of the existing scientific sources,
the interrelations among the interface trap den-
sity (D,), the interface trap capacitance, surface
potential, SS, and threshold voltage have been
analyzed mostly in terms of separate parameters.
In particular, in nanoscale SOI FinFET transistors,
a comprehensive study within a unified model of
the interaction among surface potential, charge
carrier concentration, the / deg characteristic, SS,
and threshold voltage, based on the dependence of
the capacitance of trap states at the oxide—semi-
conductor interface on the interface trap density,
has not been sufficiently covered. Therefore, by
selecting C, as the central parameter, investigat-
ing its functional relationship with D, and its
influence on the main electrophysical character-
istics of the device on the basis of an integrated
model is regarded as a topical scientific issue.
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RESEARCH METHODOLOGY

This research work was carried out on the
basis of numerical modeling in the Synopsys
Sentaurus TCAD software. As the object of the
research, a vertical field-effect transistor fabri-
cated on the basis of silicon technology, namely
a FinFET structure, was selected. A three-dimen-
sional geometric model of the device was devel-
oped, and its main geometric dimensions (the
gate, channel, source and drain regions, as well as
the oxide layers) were defined parametrically in a
manner consistent with physically realistic condi-
tions. The general view of the FinFET structure is

Wbox

Figure 2. Structure of the modeled FinFET transistor

presented in Figure 2, while the geometric dimen-
sions of the transistor and the main technological
parameters are shown in Table 1.

The SOI FinFET transistor was modeled on
the basis of the drift-diffusion and thermody-
namic transport models in order to select a trans-
port model corresponding to the current—voltage
characteristics of the SOI FinFET transistor [24].
According to the results presented in Figure 3, in
the range of gate voltage up to approximately Vg ~
1V, both /- Vg characteristics are almost identical.

Therefore, in order to save computational
resources (power and time), charge carrier trans-
port in the modeling process was described on the
basis of the drift—diffusion model. In order to take
quantum effects into account in nanoscale tran-
sistors, quantum corrections based on the density
gradient approach were introduced. In addition,
in the mobility model, the dependence on impu-
rity atom concentration as well as the velocity sat-
uration effect arising under strong electric fields
were taken into account. In the calculations, the
electrostatic state of the device and the distribu-
tion of charge carriers were determined by jointly
solving the Poisson and continuity equations.
The results of the model used in the simulations
were compared with the experimental results pre-
sented in reference [25] by comparing the / iV,
characteristics (Figure 4). To further evaluate
the reliability of the proposed TCAD model, a
quantitative validation was performed using the
subthreshold transfer characteristics, since this
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Figure 3./ -V, characteristics modeled using the thermodynamic (TD) and drift-diffusion (DD)
transport models
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Figure 4. Calibration by modeling the / Ve
characteristics and comparing them with the
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operating region is the most sensitive to interface
trap effects and represents the primary focus of
the present study. The comparison was intention-
ally limited to the subthreshold region because the
investigated electrostatic parameters, including
interface trap density (D,), interface trap capaci-
tance (C,), surface potential (¢ ), subthreshold
swing, and gate-control efficiency, predominantly
govern the device behavior before strong inver-
sion. Statistical evaluation based on the root-
mean-square error (RMSE), average relative
error, and coefficient of determination (R?) con-
firmed a close agreement between the simulated
and experimental characteristics. The obtained
RMSE was 0.00939, the average prediction error
remained below 3%, and the coefficient of deter-
mination (R? = 0.995) further verified the reliabil-
ity of the proposed model. These results demon-
strate that the developed TCAD model accurately
reproduces the experimental electrostatic behav-
ior within the subthreshold region and therefore
provides a reliable basis for the subsequent inves-
tigation of interface-trap-induced degradation.

Within the framework of the study, in order
to investigate the effect of interface trap states, a
uniformly charged region model was applied at
the oxide—semiconductor interface. In the present
study, a spatially uniform interface trap density
model was intentionally adopted to isolate the
electrostatic influence of interface trap density
on the device characteristics. The energy distri-
bution of interface trap states and their dynamic
capture/emission processes were not included
because the objective of this work is to investi-
gate the static electrostatic degradation induced
by different interface trap densities under iden-
tical operating conditions. Accordingly, the cal-
culated interface trap capacitance represents an
equivalent electrostatic capacitance rather than
a frequency-dependent dynamic trap response.
Therefore, the proposed model is applicable to
quasi-static electrostatic analysis of nanoscale
SOI FinFETs. For different values of the interface
trap density, the interface trap capacitance was
calculated (Figure 5), and its effects on the elec-
trostatic field potential, charge carrier concentra-
tion, the current—voltage (/ d—Vg) characteristic,
SS, and threshold voltage were analyzed. In this
way, based on the modeling results, the interrela-
tion between the quality of the oxide—semicon-
ductor interface and the electrophysical proper-
ties of the device was comprehensively evaluat-
ed. To ensure numerical reliability, a sufficiently
refined finite-element mesh was employed in the
HfO,/Si interface region, the silicon channel, and
the gate edges, where the strongest electrostatic
field variations occur. Furthermore, adaptive bias
stepping together with strict convergence criteria
was applied throughout the simulations to obtain
stable numerical solutions. The adopted numeri-
cal settings were verified to have a negligible
influence on the calculated electrical characteris-
tics compared with the variations induced by the
investigated interface trap densities.

Table 1. Geometric dimensions of the transistor and its main parameters

Parameter name Symbol Modeling value
Doping concentration of Source, Drain, and Channel regions Nsup ”'tyrf_‘fy(pzh(";g;‘)?{)“%Jooczin%m's'
Gate oxide thickness (HfO,) tox 2.5nm
Channel thickness (Si) Tsi 30 nm
Channel width (Si) Tsi 12 nm
Buried oxide thickness (SiO,) Thox 100 nm
Gate length (metal) Lgate 25 nm
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Figure 5. Equivalent capacitance model of the SOI
MOSFET structure

RESULTS

The interface trap capacitance C, formed at
the oxide—semiconductor interface is the capaci-
tive equivalent of the interface trap density D, and
describes the trapping and release of electric charg-
es in the traps formed at the interface. The interface
trap capacitance C,, is evaluated by expression (1).

As can be seen from Figure 6, at small values of
D, (10° — 10" cm™? V"), the surface-state capaci-
tance is negligible and changes very slowly. This
indicates that, at low densities of surface states, the
surface-state capacitance generated by the traps
does not affect the total capacitance. Physically,
in such a case, the capacitance of the gate—chan-
nel (gate—source (drain)) system is mainly deter-
mined by the oxide-layer capacitance C and the
depletion-layer capacitance C ey The surface-state
capacitance generated by the interface traps is
therefore almost unnoticeable. However, at values

30x10% o
25x10°
20x10% f
153107 b
10x10° p
50x107*

00k

Interface Trap Capacitance, C; (F*cm'z)

10t 10’ 10° 10" 10" 100 10
Interface Trap Density, D;; (sm%evY

Figure 6. Effect of the interface trap density D, on
the interface trap capacitance Cit

of D, greater than 101! ¢m2eV-, an increase in C,
is observed. In particular, in the range of 10> — 10"
cm 2 e}, the slope of the graph increases sharply,
and we can observe a sharp increase in the surface-
state capacitance of the interface traps. This shows
that, at high densities of surface states, the interface
traps participate in the charge exchange process and
significantly affect the gate voltage.

This result means that, as the number of traps
formed at the interface increases, a certain part
of the gate voltage is spent not on controlling the
channel, but on filling and balancing the interface
traps with charge. This behavior is consistent with
the equivalent-capacitance model of MOS struc-
tures reported in the literature, where interface
traps act as an additional capacitive component
that weakens the electrostatic coupling between
the gate and the channel [26-28]. Therefore, an
increase in C, is considered one of the main fac-
tors reducing the efficiency of gate control. An
increase in the surface-state capacitance directly
affects the total capacitance of the device and its
control through the electrostatic field. Through the
surface-state potential generated by the charges
located in the traps, it reduces the sensitivity to the
gate voltage according to the following relation:

dgs — Cox (8)
avy Cox+CqaeptCit

where: C_is the oxide-layer capacitance, C e
is the depletion-layer capacitance and C,
is the capacitance generated by surface

traps. It can be seen from this expression
ags
dvg

that, with an increase in C,, the ratio
decreases.

Therefore, the increase in C, observed in the
figure is the main physical factor explaining the
changes in the electrostatic field potential, elec-
tron concentration, SS, and threshold voltage in
our subsequent results. The surface-state potential
¢, generated by the charges trapped in the traps
at the oxide—semiconductor interface, is the main
parameter determining the variation of the over-
all electrostatic field potential at the channel sur-
face. The surface-state potential ¢_characterizes
the degree of channel control by the gate voltage.
When traps are present in the interface region,
a certain part of the gate voltage is spent not on
bringing the channel into the inversion state, but
on balancing the charges trapped in the traps.
Therefore, an increase in the interface trap den-
sity D, leads to a change in ¢_. The relationship
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Figure 7. Effect of the interface trap density on the
electrostatic field potential

between the gate voltage and the surface-state
potential is expressed by Equation 8.

At D, values of 10° — 10" cm™ e}, the sur-
face-state potential remains almost unchanged
and stable. In this case, C, is still very small,
which indicates that the electrostatic control
of the gate over the channel is strong. In other
words, the electrostatic field potential at the chan-
nel surface is mainly determined by C,_and C o'
At D, values higher than 10" cm™ eV, the sur-
face-state potential ¢ generated by the charges
trapped in the interface traps begins to increase,
and this increase becomes especially sharp in the
range of 102 — 10" cm™?el!. This can also be
seen in Figure 7. This result indicates the redistri-
bution of charges in the traps at high densities of
surface states and the appearance of an additional
electrostatic potential at the channel surface. The
important point here is that an increase in the
value of the electrostatic field potential does not
mean that the control of the gate over the chan-
nel has improved. On the contrary, as a result of
the increase in the capacitance generated by the
surface traps, the efficiency of the gate voltage in
controlling the channel decreases, and the sensi-
tivity of the electrostatic potential at the channel
surface to the gate voltage weakens. The increase
in the electrostatic field potential shown in Figure
7 indicates that it is influenced by the surface-state
potential generated by the charges trapped in the
traps. Physically, the increase in the electrostatic
potential originates from the additional potential
created by charges trapped at the HfO,/Si interface
rather than from improved gate control. As the
interface trap capacitance (C,) increases, a larger
fraction of the applied gate voltage is consumed
by charging the interface traps, thereby reducing
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the gate-to-channel electrostatic coupling. Con-
sequently, although the absolute surface potential
increases, its sensitivity to the applied gate volt-
age decreases, leading to the degradation of S§,
threshold voltage, and carrier concentration. Let
us now analyze the decrease in the concentra-
tion n of current-carrying charges in the channel
under the effect of the trap-state capacitance C,.
The electron concentration n in the channel is the
main electrophysical parameter representing the
inversion state of the transistor. When the inter-
face trap density increases, the increase in C, gen-
erated by the interface traps changes the charge
distribution in the channel and, as a result, sig-
nificantly affects the concentration of free charge
carriers. Therefore, analyzing the dependence of
non D, is very important for explaining the phys-
ical significance of C,. The following analysis
refers to the quasi-static electrostatic response of
the equivalent interface trap capacitance and does
not include frequency-dependent trap dynamics.
As can be seen from Equation 1, with an increase
in D, C, also increases. The increase in C, cre-
ates an additional capacitance between the gate
and the channel (Figure 5), and a portion of the
gate voltage is spent not on creating the inversion
state in the channel, but on filling the surface traps
with charge. As a result, the generation of current-
carrying charges inside the channel decreases.

This situation is expressed through the law of
charge conservation as follows:

Qtot = Qinw + Qdep + Qi 9

where: Q is the total charge present at the chan-
nel surface (the oxide—semiconductor
interface), @ ~is the current-carrying
charge along the channel, Q o is the ion-
ized charge in the semiconductor, and O,
is the localized charge accumulated at the
interface.

Qtor = Cox(Vg — @s) (10)

Therefore, for the current-carrying charges
along the channel, the following expression is
obtained:

Qinv = Cox(Vg - (Ps) — Qaep — Qit (11)

From this equation, it follows that, as Q,
increases, O, =~ decreases. Since the concentra-
tion of charge carriers depends on the inversion
charge, an increase in C, leads to a decrease in the

number of charge carriers (Figure 8). As can be
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Figure 8. Effect of the interface trap density on
electron concentration

seen from the graph, at low values of D, the con-
centration of current-carrying charges remains
almost unchanged. This means that, within this
range, C, is still small relative to Cand C dep
and does not significantly hinder the inversion
state of the channel. However, at high values of
D, C, increases significantly, and as a result, a
decrease in the concentration of current-carrying
charges is observed. The drain current—gate volt-
age characteristic, / d—Vg, is one of the most impor-
tant characteristics simultaneously representing
the electrostatic and transport properties of the
device. As C, increases, channel control through
the gate weakens, and as a result, the formation of
the potential and inversion charges at the channel
surface changes. Therefore, the /, -V, character-
istic is considered one of the main indicators for
evaluating the effect of C, on device operation. In
the subthreshold region, the drain current is expo-
nentially related to the surface-state potential at
the channel surface as follows:

Igo0 (1£) (12)

Thus, the response of the drain current to
the gate voltage changes in accordance with the
response of the surface-state potential at the chan-
nel surface to the gate voltage. When the inter-
face trap capacitance C, is present, the sensitivity
of the surface-state potential to the gate voltage
decreases according to equation (8). This shows
that, with an increase in C, in this equation, the
efficiency of the gate voltage in controlling the
channel decreases. As a result, in the subthresh-
old regime, the increase of current with respect to
17V, slows down, and the slope of the / iV, curve
shifts to the left (Figure 9).

1<10°°

— D, =1x10° can?eV!
— D, =1x10° anZeV!
— D, =1x10" cni®eV?!
— D, = 1x10" ci%e V!
— D, =1x102 cni%eV?

— D, =1x10"% cm%e V!

1x10°®
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Figure 9. / -V characteristic obtained by modeling in
the FinFET transistor for different values of D,

It can be concluded from Figure 9 that, at
low values of D,, the current-voltage curves are
located very close to each other. This is explained
by the fact that, at surface-state density values of
10°— 10" cm™ eV, the value of C, is still suf-
ficiently small and does not create a significant
additional capacitive load relative to the oxide-
layer capacitance C . In other words, within this
range, the main part of the gate voltage is spent on
forming the inversion layer in the channel region.
As the value of D, increases, C, also increases
correspondingly, and as a result, deformation is
observed in the subthreshold part of the current—
voltage curves. At high values of surface-state
density (102 — 10B3cm2eV!), the current—voltage
characteristic plotted on a logarithmic scale takes
on a “stretched” form, that is, the curve shifts
to the left. This is explained by the fact that C,
weakens the electrostatic control of the gate over
the channel and makes the formation of the inver-
sion layer more difficult. A similar subthreshold-
current degradation with increasing interface
trap density has also been reported for nanoscale
FinFET and MOSFET devices, confirming that
the present simulation results are consistent with
previously established electrostatic behavior [29—
33]. The leftward shift observed at high values of
D, can be explained by the appearance of addi-
tional current mechanisms associated with inter-
face trap states. Traps at the oxide—semiconduc-
tor interface temporarily capture charge carriers
and then re-emit them, and as a result, in the sub-
threshold regime, additional trap-related currents
L, generated by the charges in the traps, appear
in addition to the ideal diffusion current. The total
current flowing from the drain varies according to
Equation 13. Therefore, at large D, the transistor
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Figure 10. Effect of the interface trap density on SS
(red curve, left axis) and threshold voltage (green
curve, right axis)

begins to conduct current at relatively lower gate
voltages. Within the framework of the adopted
quasi-static electrostatic model, ]tmp represents the
equivalent contribution of interface-trap-assisted
charge exchange rather than a time-dependent
capture/emission current. That is, in the region
near the threshold, the electrical response of the
device changes under the influence of traps.

Ig = Idiff + Itrap (13)

Another important aspect of the graph is that,
at high gate voltages, the differences between the
curves become negligible. This shows that, in the
strong inversion state, the channel is filled with
saturated charges and the relative effect of the
traps gradually decreases. Thus, the main effect
of C, is manifested most pronounced in the sub-
threshold and near-threshold regions. This obser-
vation further confirms that interface trap capaci-
tance is one of the dominant factors governing the
electrostatic degradation of nanoscale SOI Fin-
FETs under subthreshold operating conditions.

In FinFET transistors, the subthreshold slope
(8S) is one of the main parameters for evaluating
the quality of control in the subthreshold regime.
It shows how much the gate voltage must change
in order to change the drain current by one decade.

In other words, the smaller the SS, the more
efficiently the transistor is controlled in the sub-
threshold regime. Therefore, analyzing how SS
changes as a result of an increase in the interface
trap density is very important for understanding
the degradation of device electrostatics. Theoreti-
cally, §S'is determined using Equation 5. It can be
seen from this equation that, as the interface trap
capacitance C, increases, SS also increases. This
is because C, causes a portion of the gate voltage
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to be spent not on controlling the channel, but on
filling the traps with charges.

Figure 10 simultaneously presents the varia-
tions of the subthreshold swing (SS, red curve, left
vertical axis) and the threshold voltage (V,, green
curve, right vertical axis) as functions of the inter-
face trap density (D,). Presenting both parame-
ters in a single figure enables a direct comparison
of their correlated electrostatic behavior under
increasing interface trap density. At low and inter-
mediate values of D,, both the red SS curve and
the green ¥, curve remain nearly constant, indi-
cating that the interface trap capacitance (C,) is
still too small to noticeably affect the gate electro-
statics. Consequently, the gate—channel coupling
remains almost undisturbed, the SS stays close to
its ideal value, and the threshold voltage exhib-
its only negligible variation. However, when D,
exceeds approximately 10" cm?eV”!, the red SS
curve (left axis) gradually increases, whereas the
green ¥, curve (right axis) continuously decreas-
es. These opposite trends originate from the same
physical mechanism. As the interface trap capaci-
tance increases, a progressively larger fraction of
the applied gate voltage is consumed by charg-
ing the interface traps instead of controlling the
inversion charge in the channel. As a result, the
gate electrostatic control weakens, leading simul-
taneously to the degradation of the subthreshold
swing and the reduction of the threshold voltage.

Therefore, the simultaneous evolution of the
red SS curve and the green V, curve confirms that
the increase in interface trap capacitance (C,) is
the dominant electrostatic mechanism govern-
ing the degradation of nanoscale SOI FinFET
performance.

CONCLUSIONS

In this scientific research work, the effect of
the interface trap density D, on the main electro-
physical parameters of a nanoscale SOI FinFET
transistor through the capacitance C, generated
by traps at the oxide—semiconductor interface
was comprehensively analyzed. The obtained
results showed that, with an increase in D, C,
also increases, and it is precisely this parameter
that plays a central role in the weakening of the
gate—channel coupling. An increase in the inter-
face trap capacitance directs a portion of the gate
voltage not to channel control, but to charge-
exchange processes associated with the interface
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states. According to the analysis results, as C,
increases, the variation of the surface-state poten-
tial generated by the charges trapped in the traps
reduces the sensitivity of the gate voltage along
the channel. As a result, the efficiency of control-
ling the channel state weakens and the formation
of the inversion layer becomes more difficult. This
was clearly manifested in the decrease in electron
concentration, in the deformation of the current—
voltage characteristic in the subthreshold region,
and in the increase in SS. In particular, at high
values of D, the rapid increase in C, was found to
lead to significant deterioration of the subthresh-
old regime. It was also shown that an increase in
the interface trap capacitance affects the behavior
of the threshold voltage and reduces the overall
electrostatic stability of the device. In this sense,
C,, appears not only as a capacitance quantity, but
also as one of the main physical factors determin-
ing the electrostatic control, charge distribution,
and transport regime of a nanoscale FinFET tran-
sistor. In general, the obtained results confirm that
an increase in the interface trap capacitance leads
to degradation of device parameters in nanoscale
SOI FinFET transistors. Therefore, reducing the
interface trap density and, accordingly, minimiz-
ing C, is an important technological requirement
for creating devices with high-quality and stable
subthreshold characteristics.
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