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This study examines the effect of the spatial position of locally trapped oxide charge on the gate-to-source and gate-to-drain
capacitances of an SOI FinFET using three-dimensional TCAD Sentaurus simulations. The results reveal that the location of the trapped
charge strongly influences the gate-to-source capacitance via charge-carrier redistribution near the channel surface, whereas a distinct
response is observed when the trapped charge is near the oxide edge. Moreover, the gate-drain-to-gate-source capacitance ratio varies
systematically with the trapped-charge position along the channel, suggesting that this parameter can serve as a reliable electrical
indicator for detecting oxide-trapped charge and estimating its spatial distribution in FInFET devices.
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INTRODUCTION

Metal-oxide—semiconductor field-effect transistors (MOSFETs), particularly Fin field-effect transistors (FinFETs),
are highly susceptible to various electrical stresses and radiation-induced effects during operation, which may degrade
their electrical characteristics. Among the most significant degradation mechanisms are hot-carrier injection [1-3], bias
temperature instability [4], off-state stress, and radiation-induced charge buildup [5]. These effects arise primarily from
charge injection into, or generation within, the oxide layer and at the semiconductor—oxide interface. Since such
degradation directly influences the performance and reliability of analog and digital integrated circuits, its impact must
be carefully considered in modern device design. Oxide-trapped charge can alter key MOSFET parameters, including the
threshold voltage, subthreshold swing, and transconductance, thereby deteriorating the overall device performance. For
this reason, the development of reliable methods for identifying the localization and spatial distribution of trapped charge
along the channel is of considerable importance. One of the simplest and fastest diagnostic approaches for detecting
charge trapped in the oxide or at the interface is based on capacitance—voltage measurements of lateral source(dr.)-channel
p—n junctions [6-9]. Previous studies have shown that a nonuniform charge distribution in the oxide layer or at the
semiconductor—oxide interface is reflected in the electrical behavior of source—channel and drain—channel p—n junctions.
Therefore, the longitudinal distribution of trapped charge along the channel should also affect other capacitances
associated with these lateral junctions [10-12]. In the present work, this approach, originally proposed for planar
MOSFETs, is adapted for application to SOI FinFET structures. The underlying concept is based on the sensitivity of
lateral source—channel and drain—channel p—n junction capacitances to oxide- and interface-trapped charge [13—14].
Accordingly, the most suitable electrical configuration for such an analysis is one in which the capacitance of the lateral
source—channel (drain—channel) p—n junction, C,., makes a substantial contribution to the measured total capacitance. In
SOI FinFETs, one of the relevant configurations satisfying this condition is the gate—source (or gate—drain) connection,
as illustrated in Fig. 1.

Figure 1. Cross-section of the simulated SOI FinFET with capacitances between contacts

Cite as: M. Foziljonov, B.M. Ergashev, N.Y. Yunusaliyev, M. Norbutayev, K. Orinboyeva, East Eur. J. Phys. 3, 286 (2026), https://doi.org/10.26565/2312-
4334-2026-3-23
© M. Foziljonov, B.M. Ergashev, N.Y. Yunusaliyev, M. Norbutayev, K. Orinboyeva, 2026; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2026-3-23
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/ISSN/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0005-0073-1713
https://orcid.org/0009-0007-9392-6548
https://orcid.org/0009-0002-5714-8658
https://orcid.org/0000-0003-0471-2593
https://orcid.org/0009-0000-7677-3964

287
TCAD-Based Capacitance Analysis for Identifying Longitudinally Localized Oxide-Trapped... EEJP. 3 (2026)

The gate—source and gate—drain configurations in the considered SOI FinFET can be represented by a series
combination of three capacitance components: the gate-oxide capacitance C,, the depletion-layer capacitance at the
oxide—semiconductor interface Cg,p, and the source—channel p—n junction capacitance C,—,. Among these contributions,
Cuep becomes significant only when the device operates in the depletion regime. In the present analysis, however, only
the barrier capacitance of the source—channel p—n junction is considered. To satisfy this condition, a positive voltage is
applied to the n-type source with respect to the gate, thereby establishing carrier accumulation near the
oxide-semiconductor interface. Under such bias conditions, the contribution of the depletion-layer capacitance can be
neglected, and the total gate—source capacitance is determined predominantly by the series coupling between C,x and Cj.,..
Accordingly, the resulting capacitance can be written as

Cp_n'C
_ Ctp-nCox
Cgs = Cp-n+Cox )

where C,, denotes the gate-oxide capacitance per unit area and is essentially independent of the applied voltage.

Since the estimated depletion width of the source—channel (or drain—channel) p—n junction is about 0.1 pm, whereas
the gate-oxide thickness is only 7,=2.5 nm, the junction capacitance C,-, remains much smaller than C,. As a
consequence, the equivalent capacitance Cg, is governed mainly by C,.,, making it highly sensitive to electrostatic
perturbations associated with oxide-trapped charge. This feature is particularly important for charge-diagnostics
applications, because any local trapped charge in the oxide modifies the potential distribution in the channel region and,
in turn, alters the depletion characteristics of the lateral p—n junction. Therefore, variations in Cg can be directly related
to the spatial localization of trapped charge along the channel. On this basis, the present work focuses on simulating the
dependence of Cg on the position of a local oxide-trapped charge in the SOI FinFET structure.

MATERIALS AND METHODS

Three-dimensional numerical simulations were performed using the Advanced TCAD Sentaurus platform to
investigate the effect of localized oxide-trapped charge on the capacitance characteristics of an SOI FinFET structure.
The capacitance—voltage (C-V) response of the gate—source and gate—drain configurations was analyzed using a small-
signal AC simulation at 1 MHz. This method was selected because it provides a reliable means of evaluating capacitance
variations caused by local electrostatic perturbations in nanoscale transistor structures.

The geometry of the simulated SOI FinFET is illustrated in Fig. 2. The gate length, Lgate, was fixed at 25 nm, while
the gate oxide thickness was taken as 2.5 nm. The silicon channel thickness, Tsi, and buried oxide thickness, Thox, Were
set to 30 nm and 100 nm, respectively. The channel width was chosen as 12 nm. The active channel region was assumed
to be p-type silicon with a doping concentration of 1x10'> cm™. These geometrical and doping parameters were selected
to represent a realistic SOI FinFET structure suitable for analyzing the sensitivity of gate-related capacitances to trapped-
charge effects.

Weox

Figure 2. 3D structure of the simulated SOI FinFET

The gate—source capacitance, Cg, was simulated for different positions of a localized trapped charge in the oxide
layer, with the position defined by the distance between the center of the charged region and the source—channel boundary.
It should be noted that L does not represent the depth of the trapped charge across the oxide thickness. In all simulations,
the localized charged region remains embedded inside the gate oxide, while only its longitudinal position along the
channel direction is varied. Thus, L is measured from the source—channel boundary to the center of the charged region
along the source-to-drain direction. The case L=2.5 nm corresponds to the position where the 5 nm-long charged region
touches the source-side edge of the gate oxide, and it does not imply that the charge is located inside the semiconductor.
The local oxide-trapped charge was modeled as a uniformly charged region embedded in the oxide. The charge density
in this region was set to 10'2 cm 2 (equivalent to 4x10'® cm™3), which is a physically reasonable value for trapped charge
that may occur in MOSFET structures under electrical or radiation-induced stress conditions. The characteristic size of
the local charged region along the channel direction was fixed at d = 5 nm.

Since the depletion width of the lateral source—channel (drain—channel) p—n junction exceeds the channel length, a
local trapped charge situated at a distance L from the source—channel junction can appreciably modify the carrier
distribution inside the channel [15,16]. This electrostatic perturbation is expected to affect the junction capacitance and,
consequently, the overall C—V behavior of the gate—source connection. Owing to the structural symmetry of the FinFET
with respect to the channel center, the gate—source and gate—drain capacitances are expected to exhibit equivalent behavior
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under symmetric conditions. For this reason, the present analysis is focused primarily on the gate—source capacitance,
while the behavior of the gate—drain capacitance can be inferred from the device symmetry.

RESULTS AND DISCUSSION

The simulated C—V characteristics of the gate—source capacitance, Cq;,, are presented in Fig. 3. In Fig. 3, each curve
corresponds to a different longitudinal position L of the localized oxide-trapped charge. Here, L denotes the distance from
the source—channel boundary to the center of the localized charged region along the channel direction. The reference
curve corresponds to the case without trapped charge, while the other curves represent different values of L, as indicated
in the legend. As can be observed, the capacitance behavior is strongly influenced by the position of the local oxide-
trapped charge along the channel. At relatively high applied voltages, C,s exhibits a pronounced and nearly monotonic
dependence on the trapped-charge location, indicating that the electrostatic effect of the localized charge becomes
increasingly important under these bias conditions. This trend is more clearly illustrated in Fig. 4, where the capacitance
is plotted as a function of the distance L. An exceptional behavior is observed for the case L = 2.5 nm (point B in Fig. 4).
This deviation from the general monotonic trend can be attributed to the fact that, at this position, the local charged region
comes into direct contact with the edge of the oxide layer. Such a configuration modifies the local electrostatic
environment differently from the other trapped-charge positions and leads to a distinct capacitance response. Therefore,
although the overall trend confirms a systematic dependence of Cg on the trapped-charge position, the oxide-edge case
should be considered separately due to its specific geometrical and electrostatic conditions.
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Figure 3. C—V characteristics of the gate—source capacitance, Figure 4. Figure 4. Dependence of Cgs on the longitudinal position
Cgs, for different longitudinal positions L of the localized L of the localized oxide-trapped charge at Vg=4.5 V. Point A
oxide-trapped charge in the gate oxide. The reference curve corresponds to the reference case without trapped charge, whereas
corresponds to the case without a trapped charge. The legend point B corresponds to L=2.5 nm, where the localized charged
indicates the corresponding L value for each curve region touches the source-side edge of the gate oxide

The increase in Cy is attributed to the influence of locally trapped charge in the oxide on the channel carrier
concentration. To avoid ambiguity in charge localization, Fig. 5 includes a schematic inset showing the gate oxide, the
silicon channel, the source—channel boundary, and the longitudinal positions of the localized trapped charge under
investigation. The grey region represents the localized charged domain embedded inside the gate oxide. During the
simulation, this charged region is shifted only along the channel direction, whereas its position across the oxide thickness
is kept fixed. As shown in Fig. 5, the presence of trapped charge in the oxide layer increases the electron concentration
near the channel surface, thereby increasing the gate—source capacitance. From a physical perspective, this behavior
reflects the sensitivity of capacitance to charge redistribution in the near-surface region of the channel. By definition, the
capacitance can be expressed as follows:

Cys = dQu/dV. )

Here, dQv represents the change in charge stored in the Cgs capacitance in response to a change in applied voltage, dV.

When a local charge is trapped in the gate oxide, the electron concentration in the channel is modified, which gives
rise to an additional charge variation, denoted as dQic, in the gate—source capacitance. Consequently, Eq. (2) can be
reformulated as follows:

Cgs = (dQv + dQcrc)/ dV. 3)

This expression explains the increase observed in the gate—source capacitance, C,s, as a consequence of the
additional charge redistribution induced by the localized oxide-trapped charge. In the simulated SOI FinFET structure,
the maximum variation of Cgs caused by the localized trapped charge is approximately 5%. Although this magnitude of
variation may appear moderate and does not necessarily indicate severe degradation of the transistor's static current—
voltage characteristics, it remains physically meaningful and important for capacitance-based defect diagnostics. The
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significance of this variation lies in its systematic dependence on the longitudinal position of the trapped charge. In other
words, the change in Cg; is not random but follows a clear trend as the localized charge is shifted along the channel. Such
a position-dependent capacitance response indicates that the gate—source capacitance is sensitive to local electrostatic
perturbations caused by oxide-trapped charge. Therefore, even a several-percent change in capacitance can serve as an
electrical signature for detecting localized trapped charge and estimating its approximate position along the channel.
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Figure 5. Electron density distribution along the channel at a depth of 2 nm from the channel surface for different longitudinal
positions L of the localized oxide-trapped charge. The inset schematically shows the investigated charge positions inside the gate
oxide; the charged region remains embedded in the oxide and is shifted only along the source-to-drain direction.

From a device-operation perspective, gate-related capacitances in nanoscale FinFETs contribute to parasitic
capacitance, small-signal response, signal delay, and switching behavior. Therefore, a 5% variation in Cys may become
relevant in highly scaled devices and in circuits where capacitance matching, transient response, or high-frequency
performance is important. However, in the context of the present work, the observed variation should primarily be
interpreted not as evidence of catastrophic transistor degradation, but as a measurable and reproducible diagnostic
indicator of localized oxide-trapped charge. Thus, the results demonstrate that capacitance variations of this magnitude
can be useful for reliability monitoring and defect localization analysis in SOI FinFET structures.

At position L= 2.5 nm of the oxide trapped charge the configuration of the capacitance Cg is changed because the
local charge will be in contact with the end of the oxide layer (Fig. 6). In this case the electron density in the channel
surface will be redistributed which result in sufficiently increasing the capacitance C,g more than in unbiased case and
relatively capacitances corresponding to other positions (Fig. 3). At high applied voltages the redistribution of the carrier
densities leads to increasing the Cgs with increasing L (Fig. 7).
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Figure 6. Cross-section of the FInFET with a local charge Figure 7. The change in electron density in the channel at a depth
trapped in the oxide, which is located at the end of the oxide of 2 nm from the surface traps local charge in the oxide layer at
layer. L=2.5 nm. different positions. A is point is the case without trapped charge,
and B is the position with L=2.5 nm

Owing to the structural symmetry of the FinFET, the dependence of the gate—drain capacitance, Cgq, on the trapped-
charge position L is expected to exhibit a trend opposite to that of the gate—source capacitance, Cgs. In other words, as L



290
EEJP. 3 (2026) Mirzabaxhrom Foziljonov, et al.

increases, Cgq decreases, as illustrated in Fig. 8. The positional dependences of both Cgs and Cgq can therefore be utilized
to estimate the location of the oxide-trapped charge along the channel. In this context, the ratio C,/C,q provides a
particularly convenient diagnostic parameter, as shown in Fig. 9. It can be seen that when the trapped charge is located
on the source side of the channel center, the ratio C,s/Cgq is less than unity, whereas it becomes greater than unity when
the trapped charge is positioned on the drain side. If the trapped charge is located at the channel center, the ratio Cg/Cgq
approaches unity.
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oxide trapped charge along the channel oxide trapped charge along the channel

CONCLUSIONS

In this work, the influence of a local oxide-trapped charge on the gate-source and gate-drain capacitances of an SOI
FinFET was systematically analyzed using 3D TCAD simulations with the small-signal AC method. The results show
that the gate-source capacitance increases monotonically as the trapped charge shifts from the source-side region toward
the channel center, except when the charge is positioned at the oxide edge. This behavior is governed by the redistribution
of electron concentration near the channel surface induced by the trapped charge. Owing to the device's structural
symmetry, the gate-drain capacitance shows the opposite trend, while the Cgs/Cgd ratio varies regularly with the trapped-
charge position along the channel. These findings confirm that even a moderate, approximately several-percent variation
in gate-related capacitance can serve as a useful diagnostic indicator for identifying localized oxide-trapped charge and
estimating its longitudinal position in SOI FinFET structures.
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AHAJII3 EMHOCTI HA OCHOBI TCAD JUISI ITEHTU®IKAI IMTO310BXKHBOT' O JIOKAJII3OBAHOI'O 3APSTY,
3AXOIJIEHOI'O OKCHUJIOM, Y SOI FinFETS
Mipsa6axxpom ®o3uianonos!, Bitoaingin M. Eprames?, Hypitain IO. IOnycanies!, Macymxon Hopoyraes?,
Kymym Opin6oesa?
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2 Anoudicancoruti OeporcasHuil nedazoziunul incmumym, eyauys JJocmnuix, 4, Anouscan 170100, V3b6exucman
SDepeancoruii deporcasnuii mexuiunuii ynisepcumem, eyiuys Pepeana, 86, Depeana 150107, Vabexucman

VY npoMy ZOCTIKEHHI pO3TIISIIA€ThCS BIUIMB IIPOCTOPOBOTO MOJIOKEHHS JIOKAIBHO 3aXOIICHOTO 3apsay OKCHIY Ha €MHOCTI 3aTBOP—
BuTOK Ta 3arBop—cTok SOI FinFET 3a nomomororo tpuBmMipHoro mozxemoBanus B TCAD Sentaurus. Pe3ynpraT mokasyroTs, mo
pO3TanTyBaHHS 3aXOIUICHOTO 3apsily CHIIBHO BIUTHBAE Ha EMHICTB 3aTBOP-BUTIK Yepe3 Mepepo3NoALT HOCIIB 3apsiLy MOOIIN3y TOBEPXHI
KaHaly, TOXI SIK CIIOCTEePIraeThCsl YiTKa peakilis, KOJNW 3aXOIUICHWH 3aps] pO3TaIlOBaHWN MoOIM3y Kpaioo okcuny. bimbie Toro,
CITiBBIJTHOIICHHSI €MHOCTEH 3aTBOP-CTIK J0 3aTBOP-BUTIK CHCTEMaTHYHO 3MIiHIOETBCS 3aJI€KHO BiJ] OJIOKEHHS 3aXOIUICHOTO 3apsiLy
B3/I0BXK KaHally, IO CBIYUTH PO Te, IO LEeH MapaMeTp MOXE CIY)XUTH HaJiHHUM CeIeKTPHYHUM iHIMKaTOPOM i BUSBICHHS
3aXOIUICHOTO 3apsily B OKCHJI Ta OLIHKHU Horo mpoctopoBoro posnoainy B FInFET-npuctposx.

Kurouosi ciioBa: SO! FinFET; 3axonnenuti 3apso 6 okcuoi, EMHICIb 3ameop-6UmiK, EMHICMb 3ameop-cmix; po3nooin 3apady, TCAD-
MOOenioeans



