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In this work, the influence of the local oxide trapped charge on the transfer /; — V,, characteristics and capacitance of the gate-to-source
(drain) connection of the silicon-on-insulator (SOI) structure-based FinFET is simulated. I; — V, characteristics are simulated by
using the drift-diffusion transport model. Capacitance-Voltage characteristics of the gate-to-source capacitance are simulated by using
a small AC signal method. The I; — V, characteristics and gate-to-source (gate-drain) capacitance are investigated at different linear
sizes and positions of the local oxide trapped charge along the channel. The results of the simulation show that the threshold voltage
monotonically decreases with an increase in the linear size of the local charge, and gate-to-source capacitance monotonically increases
with an increase in the distance between the source-channel border and the center of the local charge.
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1. INTRODUCTION

One of the main devices of nanoelectronics is field effect transistors, particularly Fin Field Effect Transistors (FinFET),
which is continuously scaled over the last several decades. As a result of scaling, the characteristics of the transistors are
being degraded due to short channel effects [1], [2], self-heating effect [3], [4], impact of oxide (interface) trapped charge
[51, [6]. Among these degradation effects can be noted as appreciable the effects of hot carrier injection [7], [8], bias
temperature instability [9]-[11], off-stress [12], and the impact of the radiation-induced charge [13]. These degradation
effects are mainly connected with injection or/and generation charges in the oxide layer or at the oxide-semiconductor
interface. In nanoscale FETs the random telegraph noise, induced by a single oxide (or interface) trapped charge, can also
be considerable [14], [15]. The impact of these effects should be taken into account at designing and using analog as well
as digital integrated circuits based on FETs.

The oxide trapped charge can affect MOSFET parameters such as threshold voltage and subthreshold slope of the
transfer characteristics. Consequently, it leads to degradation of the transistor characteristics. Therefore, to determine
the mechanisms and reasons of the charge trapping it is expediently develop the methods of estimation the position and
distribution of the trapped charge along the channel.

Well-known methods for detecting the oxide and interface trapped charge in planar MOSFETs are methods con-
nected with measuring current-voltage and capacitance-voltage dependencies [16]-[18]. Particularly, for this purpose,
measurements of subthreshold drain current [16] and gate-to-substrate capacitance-voltage dependence [17], [18] are used.
However, these methods should be modified in the case of SOI FinFET, because of specific features of the transistor’s
structure connected with the presence of the back oxide layer between channel and substrate. Therefore, it is important to
consider and study the features of the impact of trapped charges on I-V and C-V dependences in SOI FinFET.

One of the simple and fast methods of diagnostics to detect the charge trapped in the oxide layer or at the interface
is based on measurements of the capacitance-voltage characteristics of lateral source (drain)-channel p-n-junctions [19].
Experimental evidence of this method is presented in [13], [20], [21]. It is shown that the non-uniform distribution of
the charge in the oxide layer or at the semiconductor-oxide interface is appropriately reflected in source-channel (drain-
channel) p-n-junction capacitance [13], [19], [20], [22]. Thus, the distribution along the channel of the trapped charge
should also be reflected in other capacitances connected with lateral source-channel (drain-channel) junctions.

In this work, dependencies of the drain current and threshold voltage on linear size and position of the oxide trapped
charge, along the channel, are considered for SOI FinFET. The capacitance method mentioned above and first suggested
for planar MOSFET [19] is modified for application in SOI FinFET. The modified method will be used to simulate the
dependence of the gate-to-source capacitance, Cgs, on the position of the local oxide trapped charge.
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This paper is organized as follows. In Section 2, we present the description of the considered transistor parameters,
simulation conditions, and approaches used. Simulation results with discussions are presented in Section 3. Finally, some
concluding remarks are formulated in Section 4.

2. TRANSISTOR PARAMETERS, SIMULATION CONDITIONS, AND APPROACHES

The structure of the simulated SOI FinFET is shown in Figure 1. The geometry and parameters of the simulated
FinFET are shown in Table 1.
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Figure 1. 3D structure of the simulated SOI FinFET

3D simulation were conducted using Advanced TCAD Sentaurus software. Transfer characteristics of the FinFET
were simulated by using drift-diffusion as well as thermodynamic transport models to choose an adequate transport model.
The results of the simulation are shown in Figure 2. It is shown in the figure that at gate voltages up to V, — 1V, both
I4 — Vg curves are the same. And at higher gate voltages drain current is lower at using the thermodynamic transport
model, which is connected with increasing the temperature in the channel. In simulation, the range of the gate voltages
was limited to 1V; therefore, the use of the drift-diffusion and thermodynamic transport models is equivalent. We used a
simple drift-diffusion transport model to save resources (power and time).

Table 1. Here is the caption of your table

Parameter Designation | Value

Channel doping level (p-Si) N, 1-108¢em™3 (n-type)
Source and drain doping level (n-Si) Ny 1-10%cm™3 (n-type)
Gate oxide (H f O,) thickness tox 2.5 nm

Channel thickness Ts; 30 nm

Channel width w 12 nm

Back oxide layer (Si0,) thickness Trox 100 nm

Gate length Lgate 25 nm

Density gradient quantum corrections were used to account for quantum effects because transistor sizes are on the
nanometer scale. In the mobility model, the doping dependence and velocity saturation at high fields were taken into
account. The model used in the simulation was calibrated by comparing I, — V, characteristics with experimental results
presented in [23] (Figure 3). The experimental /; — V, curve presented in [23] was normalised to the width of the channel;
therefore, to compare with the simulation results, it was recalculated for the whole transistor width.

In this work, the dependencies of the drain current Id and threshold voltage Vth on the position, L, and width, D,
along the channel of the local oxide trapped charge were considered. The dependence of the capacitance Cyg of the
gate-to-source (drain) connection on the position L was also considered. At considering the dependence on the position L,
the width of the local oxide trapped charge D is fixed and equal to 5 nm. At considering the dependence on the width, the
local oxide trapped charge is located at the drain end of the gate oxide layer and expands to the center of the oxide layer
(Figure 4). The homogeneously charged area models local oxide trapped charge in the oxide layer. Charge density in the
charged areais 1 - 10"2¢m=2 (or 4 - 10"8¢cm=3), and it corresponds to the value that can take place in MOSFETs [18].

The choice for consideration of the gate-to-source capacitance Cgg is based on the following. The main idea of
the capacitance method suggested in [20] to detect the oxide (interface) trapped charge is connected with the impact of
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Figure 2. Transfer /; — V, characteristics simulated using Figure 3. Calibration of the simulation model by compar-

thermodynamic (TD) and drift-diffusion (DD) transport ing simulated and experimental [23] I -V, characteristics
models. of the SOI FinFET transistors with Lgg:e = 25 nm and Vg
=50 mV.

the oxide or/and interface trapped charge on lateral source-channel (drain-channel) p-n-junction capacitance, Cp,_,, in
planar MOSFET. In the case of SOl FinFET, C,,_,, capacitance can not be measured directly because of the presence BOX
layer between the source and substrate. However, this capacitance is included in the capacitance of the gate-to-source
(gate-to-drain) connection (Figure 5). Therefore, changes in Cp,_, capacitance due to oxide trapped charge should be
reflected in Cg capacitance.
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Figure 4. Cross-section of the FinFET showing local oxide

Figure 5. Cross-section of the simulated SOI FinFET with
trapped charge.

pictured capacitances between contacts.

The gate-to-source connection as well as the gate-to-drain connection contains the following capacitances connected
in series: gate oxide capacitance Cox, oxide-semiconductor interface depletion layer capacitance, Cqe p,, source-to-channel
p-n-junction capacitance, C,_,. Only in depletion mode, the depletion layer capacitance, Cq.p, significantly contributes
to C, capacitance. However, in the considered case, a transistor is in accumulation mode, because in the simulation, the
p-type source (drain) region is biased by the positive pole of the voltage source relative to the gate. Thus, establishing
the accumulation mode at the semiconductor surface, near the oxide-semiconductor interface, results in dismissing the
capacitance C4.p. Consequently, the resulting capacitance Cq can be expressed by the following formula (1):

Cpfn : Cox

Cpy = =21 2%
8 Chop + Cox

(D

here, C, is gate oxide capacitance per unit area, which does not depend on the applied voltage. Estimations show,
that Cp,_, is significantly less than Cox because width of the depletion layer of the source-to-channel (drain-to-channel)
p-n-junction is approximately 0.1 pm while gate oxide thickness 7, = 2.5 nm. Thus, in accordance with the formula
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(1) Cgs is determined mainly by C,_,, which is very sensitive to the distribution of oxide trapped charge [13], [20].
Consequently, in this work, it is simulated the dependence of the Cq, on the position of the local oxide trapped charge
along the channel.

C-V dependence of the gate-to-source (gate-to-drain) capacitance were simulated with using the small AC signal
method. Signal with frequency 1 MHz is used in simulation. The capacitance Cgy is simulated at different position of the
local oxide trapped charge along the channel.

The local charge with fixed width D=5 nm, in the oxide layer at a distance L from the source-channel border (Figure
4) impacts on the carrier distribution in the channel. Consequently, this impact should be reflected in the source-to-channel
junction capacitance and hence in the C-V dependence of the gate-to-source capacitance.

FinFET has symmetry relative the channel center, hence the gate-to-source and gate-to-drain capacitances should be
same. Therefore, in the following, mainly the gate-to-source capacitance is considered.

3. SIMULATION RESULTS AND DISCUSSIONS
3.1. Impact of the local charge on electrical characteristics

Figures 6 and 7 illustrate the simulation results regarding the dependence of drain current on the gate voltages at
different positions and the width of the local oxide trapped charge. The figures demonstrate that the local oxide trapped
charge considerable influence on the transfer /; — V, curve, especially in the region above the threshold voltage.

Figure 6b presents the simulation results depicting the dependence of the drain current above threshold voltage on
the position L of the local oxide trapped charge. The figure demonstrates that the dependence is nonmonotonic. The
drain current is maximal at the position of the local charge near the channel center. However, the dependence of the drain
current on the width D is monotonic with saturation at higher D (Figure 7b). The observed behaviors of the drain current
can be attributed to the appropriate behavior of the threshold voltage (Figure 8).
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Figure 6. (a) /5 — V,; characteristics at various position, L, of the local oxide trapped charge. (b) Dependence of the drain
current, at V=1V, V;4=0.75V, on the position, L, of the local oxide trapped charge. Point A corresponds to the case of
without oxide trapped charge.

The behavior of the drain current at the change of the position and linear size of the local oxide trapped charge is
correlated with the behavior of the threshold voltage. A decrease in the threshold voltage leads to an increase in the drain
current and vice versa; an increase in the threshold voltage leads to a decrease in the drain current. The observed changes
of threshold voltage with change of the position and width of the local oxide trapped charge can be understood in terms
of the change of the distribution of channel surface potential and the corresponding inversion layer carrier concentration
along the channel, induced by the field of the local trapped charge.

Originally, in case of absence, the local oxide trapped charge, potential distribution along the channel surface has a
bell-shape with a maximum in the middle of the channel and with approximately zero value near the metallurgical border
of the source-channel and drain-channel p-n junctions [25]-[27]. Hence, the maximal impact of the local oxide trapped
charge on potential distribution and consequently on threshold voltage, can take place at the position of the local charge in
the center of the channel. Figure 8a illustrates an appropriate relationship between threshold voltage and position of the
local oxide trapped charge.

The threshold voltage shows a monotonic dependence on the linear size of the local charge, D (Figure 8b). This
behavior of the threshold voltage is the same as the dependence of threshold voltage on the value of oxide trapped charge in
planar long-channel MOSFET [15]. Hence, determining the shift of threshold voltage allows estimating the value of oxide
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Figure 7. (a) I; — V, characteristics at various widths, D, of the local oxide trapped charge. (b) Dependence of the drain
current, at Vo=1V, V3=0.75V, on the width, D, of the local oxide trapped charge. Point A corresponds to the case of
absence of the oxide trapped charge.
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Figure 8. Threshold voltage dependencies on the position, L, (a) and the width, D, (b) of the local oxide trapped charge.
Point A corresponds to the case of absence of the oxide trapped charge.

trapped charge in SOI FinFET using the method suggested in [16]. In case of a change in the slope of the subthreshold I-V
curve, it also should be accounted for in estimating the change in threshold voltage.

3.2. Impact of the local charge on gate-to-source (gate-to-drain) capacitance

Figure 9 illustrates the simulation results regarding the C-V dependence of the gate-to-source capacitance, Cgg, for
different position, L, of the local oxide trapped charge. The figure demonstrate that the capacitance Cgy, at high applied
voltages is significantly and monotonically depends on L (Figure 10). The position corresponding L=2.5 nm (point B in
Figure 10) is an exception in this dependence. This is attributed to the fact that in this position the local charged area
is in contact with the end of the oxide layer. Consequently, the edge effect is manifested, leading to a considerably high
capacitance Cgy,

The observed increase in the capacitance Cy, is linked to the impact of the local trapped charge on carrier concentration
within the channel. Indeed, Figure 11 demonstrates that trapping of the charge in the oxide layer leads to an increase in
the carrier concentration near the channel surface at all positions of the local charge. In accordance with the definition of
capacitance, this results in higher capacitance Cq,. In fact, by definition, the capacitance is defined in accordance with
formulas (2),

_doy

Cos =y 2
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Figure 9. C-V dependence of gate-to-source capacitance
Cg at different positions of the local trapped charge.
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where dQy is a change of the charge in the capacitor Cgy at a change in the applied voltage by dy. Trapping of

the local charge into the gate oxide layer leads to adding a charge dQ ¢ in capacitance Cyy, besides dQy Therefore, the
formula (2) can be rewritten by the following expression (3)

dQvy +d
Cos = Ov dVQLC 3)

It follows from this expression that the capture of local charge leads to an increase in the capacitance Cgg
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the position of local charge L=2.5 nm. Vg =4.5V

The charges dQv and dQ ¢ are caused by applied voltage and trapped charge, respectively, which are proportional
to the change of carrier concentration in the channel. Figure 12 illustrate dependence of the electron density in the channel
at a depth 2 nm from the surface on position of the local oxide trapped charge. This dependence correlate with dependence
of Cgy on the position of local trapped charge shown in Figure 10.



363
Impact of Local Oxide Trapped Charge on Electrical and Capacitance Characteristics... EEJP. 3 (2025)

The structure of FinFET has symmetry relative vertical axis passing through the channel center, therefore dependence
of gate-to-drain capacitance, Cgq, on position L should be the same as the dependence of Cgg on position L, but with
reversed character. It means that Cgy should decrease with increasing L. Indeed, such a character of the dependence is
seen in the dependence of Cggq on L, carried out from simulation (Figure 13). The relationship between Cgy and Cgy
dependences on the L can be used to estimate the position of the local trapped charge along the channel. For this purpose,
the dependence of the ratio Cgy/Cgq on L can be used (Figure 14).
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Figure 13. Dependence of Cgy and C,q on the position of ~ Figure 14. Dependence of the ratio Cgs/Cga on the posi-
the local oxide trapped charge, L, along the channel. tion of the local oxide trapped charge, L, along the channel.

Figure 14 demonstrates that in the case of trapping the local charge at the source side relative to the channel center,
the ratio Cgq/Cgs is less than 1. Value of the ratio Cgq/Cy is more than 1 in case of localisation the trapped charge at
drain side relative the channel center. In case of localization the trapped charge in the center between source and drain
end, the value of the ratio Cgq/Cy, is equal to 1.

4. CONCLUSIONS

Simulation results show, that the threshold voltage monotonically depends on the linear size, D, along the channel of
the charge trapped at drain end of the oxide layer. It allows to estimate integral value of trapped charge in oxide layer in
the SOI FinFET as well as in planar MOSFET.

At high applied voltages, gate-to-source capacitance, Cgg, monotonically depends on the position of the local oxide
trapped charge along channel. Cq monotonically increase with increase distance between source and center of the local
charge. Such dependence is explained by the influence of the local charge on the carrier distribution at the surface of the
channel. The position of the local charge at the end of the oxide layer is an exception in the mentioned above dependence
due to edge effect.

It is shown that the ratio Cqq/Cgs depends linearly on the position of the local oxide trapped charge along the
channel in SOI FinFET. This dependence allows to develop a method to detect the charge in oxide layer and to estimate
the distribution of the oxide trapped charge along the channel.
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BIIJINB JIOKAJIBHOTI'O 3APANY, 3AXOIIJIEHOI'O B OKCU I, HA EJIEKTPUYHI TA EMHICHI
XAPAKTEPUCTHUKMU SOI FinFET
ATabex Atamyparos?, Iopoxiv:kon Kapimos®, Mip3a6axpom ®o3imxonos®, Azamar A6aikapiMos?,
Opninoex Atamyparos®, Maxkam Xaiyuroes?
4 lepacasnuii ynisepcumem Ypeenuy imeni A6y Paiixana Bipyni, eya. X. Animoocana, 14, Ypeenu, 220100, Y3b6exucman
b Anoircarncokuii Oeporcasnuli ynigepcumem, sya. Yrieepcumemcoka, 129, Anodiscan, 170100, Y3oexucmar
Tawkenmcokuii incmumym iHdicenepie ipuzauii ma Mexanizayii ciabcbkozo 2ocnodapcmea — Hayionanvhuti 0ocaionuybkuti
ynieepcumem, eyn. K. Hiesis, 39, Tawkenm, 100000, Y3bexucman

VY wiit podOTi MOAEIIOETHCS BILIUB JIOKAJIBHOTO 3apsiLy, 3aXOIUICHOTO B OKCH]I, Ha TiepelaBalibHi XxapaktepucTuku Id-Vg Ta eMHICT Mix
3aTBOPOM i BUTOKOM (cTOoKOM) TpaH3uctopa FinFET Ha ocHOBI cTpyKTypH KpeMHito Ha i3oisaTopi (SOI). Xapakrepuctuku 1d-Vg mozemo-
I0ThCS1 3 BAKOPHCTAHHAM Mojielti apeiid-audys3iiiHoro nepeHocy. EMHICHO-HANpYyroBi XapaKTePUCTHKHU 3aTBOP-BUTOK MOJIETIOIOTHCS 3a
JIOTIOMOT 010 MeToAy Masioro 3miHHoro curHaiy (AC). JochiaxkeHo 3aj1exkHicTh XxapakTepucTuk Id-Vg Ta eMHOCTI 3aTBOP-BUTOK (3aTBOP-
CTOK) BiJl pi3HUX JIIHIHHUAX PO3MIpiB 1 MOJIOXKEHD JIOKAJILHOTO 3apsly B OKCUI B3/10BkK KaHaiy. Pe3ynabTatu Moje/loBaHHS NIOKa3ylOTb,
II0 MOPOTroBa HAIpyra MOHOTOHHO 3MEHIIYEThCS 31 30UIBIIEHHSM JiHIHHOTO po3Mipy JOKaJbHOTO 3apsy, a EMHICTb 3aTBOP-BUTOK
MOHOTOHHO 3pOCTA€ 31 301JIbIICHHSAM BiCTaHI MiK MEXKOI0 BUTOK-KaHaJ i IEHTPOM JIOKAIBHOTO 3apsy.
Karwuosi cioBa: FinFET: aokanvruii 3apsio; emHicms 3ameop-eumok, p-n nepexio; C-V 3aaedicnicmo
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