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Impact of doping and channel
inhomogeneities on the stability of
industrially fabricated WS2 FETs
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We report doping-dependent charge trapping in WS2 field-effect transistors fabricated on a 300 mm
wafer. In particular, higher n-type doping–associated with smaller channel areas–correlates with an
increased density of active defects. This behavior explains the asymmetric threshold voltage
degradation observed in large-area ambipolar devices, where the n-branch consistently shifts more
than the p-branch under gate bias stress (by a factor of ~ 3). Through electrical characterization and
photoluminescencemapping,we attribute this asymmetry to process-induced inhomogeneities in the
WS2 layer and its chemical environment, which lead to enhanced n-type doping at the channel center
relative to the edges. The non-uniform doping profile and conduction of the 2D channel are then
captured using an equivalent circuit model that quantitatively reproduces the observed degradation
asymmetry and corroborates our interpretation. These results have important implications for the
development of large-scale 2D semiconductor transistors, highlighting the impact of unintentional
process-induced doping and channel heterogeneity on device performance and reliability.

Although the performance of as-fabricated two-dimensional field-effect
transistors (2D FETs) has advanced considerably in recent years1–5, most
prototypes still exhibit poor threshold voltage stability and significant long-
term degradation6–11. This is primarily due to a high density of defects in the
gate oxide, which can trap or release charge carriers and electrostatically
disturb the currentflowalong the channel12,13. Tomitigate these issues, novel
dielectric materials are investigated in combination with commonly used
2D semiconductors, aiming to engineer high-quality interfaces despite the
challenges of depositing dielectrics on top of 2D van der Waals layers14–18.

While oxide defects are widely recognized as the main contributors to
threshold voltage instability, the critical role of the 2D channel’s electrical
properties is often overlooked. First, the alignment of the channel Fermi
level with the energy states of the oxide defects determines whether these
traps are energetically accessible to carriers12,19,20. Second, the pronounced
electronic inhomogeneities commonly observed in 2Dmaterials (Fig. 1) are
expected to force carriers into preferential conduction pathways21–24, leading
to spatially uneven interactions with trap states and exacerbating variability
in device behavior. Finally, unintentional doping of the channel can origi-
nate from its dielectric environment. For instance, high concentrations of
impurities such as carbon or hydrogen/water, as well as defects like oxygen
vacancies, can create an electron-rich environment that facilitates charge
transfer to the 2D channel and shifts its Fermi level25,26. At the same time,
some of these chemical species have also been shown to introduce mid-gap

states, potentially acting as additional charge traps10,27. A comprehensive
understanding of the intricate interplay between carrier trapping, doping,
and non-uniform transport–as well as the resulting degradation mechan-
isms such as bias temperature instability (BTI), hysteresis, and random
telegraph noise (RTN)–is essential for achieving reliable device operation
and advancing 2D electronics toward commercial viability.

In this work, we present a detailed analysis of the doping-dependent
BTI in back-gated WS2 FETs (1–2 layers thick) fabricated on a 300mm
wafer1,28. First, we use photoluminescence (PL) spectroscopy on as-
fabricated devices to correlate the transistor’s threshold voltage with the
excitonic and trionic peak features of WS2, and to map spatial inhomo-
geneities in the channel’s electronic properties. Second, we investigate the
BTI-induced threshold voltage shift as a functionof stress gate voltage, stress
duration, and device dimensions. Third, we compare the threshold voltage
shifts in the n- and p-branches (Vt,n and Vt,p, respectively) of large-area
ambipolar devices under identical stress conditions, consistently observing
an asymmetry across all examined samples (i.e., ∣ΔVt,n∣> ∣ΔVt,p∣). Finally,we
employ anequivalent circuitmodelbasedona transistornetwork to emulate
the 2D channel inhomogeneities revealed by PLmapping and to explain the
systematically larger Vt,n shifts relative to Vt,p

29. Our findings indicate that
higher n-type doping levels are associated with an increased number of
active traps. As a result, carriers interact with more defects along the n-
doped domains that form the electron conduction path, leading to stronger
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degradation in the n-branch. Overall, these results advance the under-
standing of how charge trapping, doping, and channel non-uniformities
affect the performance and long-term stability of 2D FETs.

Results
Dependence of doping level on channel area
The transfer characteristics of 300-mm-integratedWS2 FETs (Fig. 2a) with
varying channel lengths (Lch) and widths (Wch) exhibit a pronounced
dependence of threshold voltage on device dimensions (Fig. 2b). Specifi-
cally, smaller channel areas (Ach) yield increasingly negative threshold
voltages, indicative of enhancedn-typedoping.This behavior is unusual and
cannot be explained by simple geometrical considerations. In conventional
scaling, transistors with narrower Wch are expected to exhibit the same
width-normalized current density, and devices with shorter Lch should
display higher current but similar threshold voltage (i.e., ID ∝ Wch/Lch),
provided that short-channel effects donotoccur (Lch≳100nm). Since this is
not the case for our devices, we attribute the threshold voltage dependence
on Ach to process-induced dopant inhomogeneity across FETs of different
sizes30,31. Notably, because a uniformWS2 layer is grown and capped across
the wafer prior to any device patterning (see the “Methods” section), the
observed doping variability likely does not stem from the growth or capping
process, but instead arisesduring or after active patterning (e.g., due towater
intercalation32).

Another key observation emerging from Fig. 2b is thatWS2 FETs with
large-area channels (Lch, Wch ≳ 10 μm) not only exhibit more positive
threshold voltages but also display ambipolar behavior. At negative gate
biases, the Fermi level shifts toward the valence band maximum (VBM),
resulting in hole accumulation and the emergence of a p-type conduction
branch. Conversely, positive gate voltages shift the Fermi level toward the
conduction band minimum (CBM), leading to electron accumulation and
the appearance of the n-branch. In the case of small-area devices, the
threshold voltage becomes so negative that the p-branch falls outside the
measurement window.

The dependence of channel doping on Ach is further supported by PL
characterization of the WS2 channels. PL maps of three devices with dif-
ferent channel areas (Wch × Lch = 75 × 30.2, 10 × 10.2, and 10 × 2.2 μm

2) are
acquired by stepping the laser across the channel (step size = 0.5 μm) and
measuring a PL spectrum at each position. As shown in the representative
spectra in Fig. 3, the characteristic PL emission ofWS2 appears just below 2
eV and consists of two convoluted signals arising from the recombination of
negatively charged (trion, A−) and neutral (A) excitons33,34. Since their
individual contributions are too closely spaced in energy to bemeaningfully
deconvoluted, each spectrum is fitted with a single Voigt profile. As the
channel area decreases, the PL peak broadens and shifts to lower energies
due to the increasing contribution of the A− component, indicative of a
higher electron density in the channel (i.e., more n-doped)31,35,36. This

Fig. 1 | 3D Visualization of CBM and VBM fluctuations. 3D isometric visuali-
zation of conduction band minimum (CBM, blue) and valence band maximum
(VBM, red) surfaces in a 2D semiconductor, showing spatial inhomogeneities
modeled as narrow Gaussian potential fluctuations.
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Fig. 2 | Structural and electrical characterization ofWS2 FETs. a TEM images of aWS2 FET with a channel length of 130 nm and b transfer characteristics of devices with
varying channel area collected with a single sweep from − 40 V to 40 V.

Ach

Fig. 3 | Photoluminescence variation with WS2 channel area. Photoluminescence
spectra collected at the center of threeWS2 FETs with different channel areas. As the
channel area decreases, the WS2 emission becomes broader and shifts to lower
energies due to the enhanced trion contribution, indicative of larger electron con-
centration and higher n-type doping.
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observation confirms the dependence of n-type doping on Ach previously
inferred from electrical characterization.

The extracted peak position and full width at half maximum (FWHM)
are then mapped as a function of position across the channel (Fig. 4),
revealing two distinct patterns of doping inhomogeneities within the indi-
vidual devices. In the 10 × 10.2 and 10 × 2.2 μm2 FETs, the PL peak shifts to
lower energies near the source and drain edge contacts, indicating localized
regionsof enhanced electrondensity in the vicinity of themetal interfaces. In
contrast, the 75 × 30.2 μm2 device exhibits non-uniform electronic prop-
erties along the channel width, with significantly broader and slightly lower-
energy PL emission at the channel center compared to the edges, indicating
higher n-type doping in the central region.

To gather more detailed information about the dependence of the
exciton/trion peak properties on doping level and Ach while avoiding time-
consuming full PLmapping,we collect single-point PL spectra at the centers
of devices with 15 different channel areas (same as in Fig. 2b). For eachAch,
we measure the ID-VBGn-branch of eight distinct FETs using a narrowVBG

sweep range to minimize trapping effects (Fig. 5a). Interestingly, Vt,n for

large-area devices is minimally affected by the gate bias range, as little to no
variation is observed compared to the transfer characteristics in Fig. 2b. In
contrast, narrow-range ID-VBG curves of small-area devices exhibit sig-
nificantly more positive Vt,n compared to wide-range sweeps, indicating
substantial carrier trapping at negative gate biases. The narrow-range
sweeps also reveal a clear difference in subthreshold swing (SS) between
small and large devices, with small FETs exhibiting significantly steeper
transfer characteristics than large ones (~ 0.9 V/dec and ~ 2.6 V/dec for the
smallest and largest devices, respectively). This observation indicates that
large devices have a higher density of fast and active interface traps near the
WS2 CBM compared to small ones.

Due to themarkedlydifferent shapesof the ID-VBGcurves acrossdevice
sizes–and the electronic inhomogeneities observed in the largest device,
which introduce uncertainty in current normalization–we employ a heur-
istic Enz-Krummenacher-Vittoz (EKV) model fitting to robustly extract
Vt,n

37. An example model fit, along with a box plot of Vt,n versus PL peak
position and FWHM, is shown in Fig. 5b, c. For large-area devices with
positive threshold voltages, the channel is depleted, the carrier density is
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Fig. 4 | Spatial mapping of PL peak position and FWHM inWS2 FETs. a PL peak
position maps and b PL peak FWHM maps collected from three WS2 FETs with
varying channel areas. Again, as the channel area decreases, the PL emission
becomes broader and shifts to lower energies, indicating an increased electron

concentration in the channel (i.e., higher n-type doping). Additionally, the maps
reveal enhanced n-type doping near the edgemetal contacts in the 10 × 10.2 and 10 ×
2.2 μm2 devices, and a non-uniform doping profile along the channel width in the
75 × 30.2 μm2 device.
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Fig. 5 | Electrical-optical correlation inWS2 FETs. a ID-VBG curvesmeasured from
120 devices with 15 different channel sizes using an adaptive single sweep from~− 3
V to ~ 5-10 V. b Representative EKV model fitting for four devices. c Correlation
between Vt,n and the PL signal from WS2 (energy position and FWHM). As the

threshold voltage decreases (i.e., n-type doping increases), the PL peak broadens and
shifts to lower energies, consistent with a higher electron concentration in the
channel.
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near zero, and the exciton/trion peaks (higher energy and narrower
FWHM) remain relatively unaffected by Vt,n. However, for small-area
devices with lower Vt,n, electrons accumulate in the channel, and the exci-
ton/trion peaks (lower energy and wider FWHM) become highly sensitive
to small variations in threshold voltage.

Analysis of doping-dependent BTI
To investigate size-dependent and doping-dependent trapping effects, we
evaluate BTI across 120 FETs with varying channel areas by applying dif-
ferent stress gate biases (VBG;str) for various durations (tstr) andmonitoring
the resulting shifts inVt,n (Fig. 6a). To assess degradation recovery, the same
approach is used after removing the applied stress (VBG,rel = 0 V). A small
drain bias (VD = 0.1 V) is applied throughout the entire experiment,
including both stress and recovery phases. The variation of charged defect
density projected at the channel interface can be calculated as follows8:

ΔNot ¼
ε0εSiO2

� ΔV t;n

q � EOT ; ð1Þ

where ε0 is the vacuumpermittivity, εSiO2
is the silica dielectric constant, q is

the elementary charge absolute value, and EOT ¼ tSiO2
¼ 50 nm is the

thickness of the bottom SiO2 layer. As shown in Fig. 6b, the extracted ΔNot

(eq. (1)) versus jVBG;strj=tSiO2
at tstr ¼ 1 ks exhibits the expected power-law

dependence under all conditions tested. Notably, devices with smaller
channel areas show significantly larger Vt,n shifts following both negative
and positive gate bias stresses (NBTI and PBTI, respectively). Since equal
ΔVt,n would be expected if the trap distribution were constant with device
dimensions, this finding suggests that higher n-type doping is correlated
with a larger number of active defects within the Fermi level window
scanned under stress, resulting in enhanced degradation. This is further
confirmed by the plot of ΔVt,n versus the initial threshold voltage of the as-
fabricated device (Vt,n,0) in Fig. 6c, where monotonically increasing
degradation is observed with decreasing Vt,n,0 across all NBTI stress
conditions (tstr ¼ 1 ks). The same trend is also consistent with the
substantial threshold voltage differences observed between wide- and
narrow-range ID-VBG sweeps in small-area devices (Fig. 2b and Fig. 5a,
respectively),which arise fromstrong trapping effects at negative gate biases.

To comprehensively assess bias-induced degradation in ambipolar
WS2 FETs, we extend our BTI investigation to both conduction branches of
large-area devices (Lch = 30.2 μm andWch = 75 μm) by tracking ΔVt,n and
ΔVt,p under NBTI and PBTI stress. As shown in Fig. 7, the resulting
threshold voltage shifts exhibit a consistent asymmetry across all devices and
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Fig. 6 | BTI degradation inWS2 FETs. a ID-VBG curves measured during the stress
phase (VBG;str ¼ 25V) and subsequent recovery phase (VBG,rel = 0 V) for two devices
with different channel areas. b ExtractedΔNot plotted as a function of jVBG;strj=EOT
at tstr ¼ 1 ks for both NBTI and PBTI stress conditions. c Experimental negative

bias-induced ΔVt,n as a function of the initial threshold voltage Vt,n,0. Devices with
higher n-type doping (i.e., smaller channel area) exhibit more pronounced
degradation.
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Fig. 7 | Asymmetric BTI degradation in large-area WS2 FETs. a ID − VBG curves and b threshold voltage shifts of the p- and n-branches under NBTI and PBTI stress,
followed by relaxation. The degradation is asymmetric, with the n-branch consistently exhibiting a larger shift than the p-branch.
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bias conditions, with the n-branch systematically shifting more than the p-
branch. To explain this peculiar behavior, we rule out both uniform charge
trapping across the device area–which would be expected to have the same
electrostatic impact on both conduction branches, causing a symmetric
shift–and the formation of deep, fast defects under stress, which could
charge or discharge during the VBG sweep. If such defects were present, a
larger ΔVt,n would appear only for positive bias stresses. This is because
sweepingVBG from negative to positive values–corresponding to the Fermi
level shift toward the CBM–would result in a net negative variation of the
trapped charge, introducing an extra positive ΔVt,n contribution after both
positive and negative BTI stresses. Consequently, the negative NBTI-
induced shifts in the n-branch would be smaller than those in the p-branch,
contrary to our experimental observations.

Instead,we attribute the asymmetricBTI to significant heterogeneity in
the electronic properties of the deposited WS2 channels, as highlighted by
the PLmap in Fig. 4. If the WS2 band gap is assumed to be constant across
the device area, electrons and holes are expected to preferentially travel
through the center and the edges of the channel, respectively, due to the
uneven doping profile. In other words, the large-area device is expected to
behave as two parallel ambipolar transistors: the more n-doped center
region,with lower ∣Vt,n∣, controls then-branch,while the lessn-doped edges,
with lower ∣Vt,p∣, control the p-branch (Fig. 8a). As a result, each carrier type
may interact with a different distribution of defects along its path. In our
case, since stronger n-type doping is correlated with a higher defect density
(Fig. 6), this scenario is consistent with the greater degradation observed in
the n-branch due to larger charge trapping at the channel center compared
to its edges (as schematically shown in Fig. 8b).

FET network modeling
To better quantify the impact of channel inhomogeneities on transport and
BTI, we reproduce the degradation asymmetry using an equivalent circuit
model based on a 150 × 60 FET-connected network in a SPICE simulator
(same aspect ratio as the investigated WS2 75 × 30.2 μm2 channels)29. The
overall workflow for constructing the FET network model is illustrated in
Fig. 9. Each node is connected both vertically and horizontally by a parallel
Si-based pFET and nFET with a thick gate dielectric (50 nm SiO2), all
sharing the samegate voltage to replicate the ambipolar behavior of ourWS2
devices (Fig. 10a). The transport direction is defined by connecting the first
and last transistor rows to the source (VS = 0 V) and drain (VD = 0.1 V),
respectively. To emulate the width-dependent doping profile observed in
the PLmap inFig. 4, we convert the PLpeak’s FWHMintoVt,n byfitting the
data in Fig. 5c with an exponential function of a second-order polynomial,
which closely follows the experimental trend. The resultingVt,n distribution
is then incorporated into the equivalent circuit model by assigning each
value from the converted map to the corresponding node in the FET net-
work (Fig. 10a). For simplicity, the difference between Vt,n and Vt,p in each
FETpair is set to 8V (i.e.,Vt,p =Vt,n− 8V, consistentwith the experimental
data), implying that the channel band gap is assumed constant across the
entire device. When a positive gate voltage is applied to the FET network,
electrons preferentially flow through nFET paths with lower threshold
voltages along the channel center (Fig. 10b).Conversely, under negative gate
bias, holesflow through pFETpaths with lower threshold voltages along the
channel edges (Fig. 10c). This model effectively captures the non-uniform
transport mechanism in an ambipolar large-area FET with a spatially
varying doping profile.

Fig. 8 | Impact of non-uniform doping on BTI in
ambipolar 2D FETs. a Schematic illustration of the
ambipolar transfer characteristics of an as-
fabricated WS2 FET with a non-uniform doping
profile along the channel width. The channel center,
exhibiting higher n-type doping, controls the n-
branch, while the channel edges, exhibiting lower n-
type doping, control the p-branch. b Schematic
illustration of the degraded transfer characteristics
of the same device after negative bias stress. A larger
shift of the n-branch relative to the p-branch arises
due to the increasing density of active traps with
higher n-type doping levels.
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Fig. 9 |Workflow for FET networkmodeling.Workflow for constructing the 150 ×
60 FET networkmodel. The PL FWHMmap of the large-areaWS2 FET is converted
into a spatial Vt,n map using an exponential function derived from single-point PL
FWHM vs. Vt,n measurements. This Vt,n distribution serves as input to the network

model, together with an additional exponential relation describing ΔVt,n as a
function of the initial Vt,n,0, which is required to reproduce the asymmetric degra-
dation resulting from non-uniform charge trapping.
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We now evaluate the asymmetric bias-induced degradation caused by
non-uniform charging across the device area (Fig. 11). To this end, we
consider the case of NBTI under four stress gate biases (− 10,− 15, − 20,
and − 25 V) and a stress time of 1 ks. As discussed in the previous para-
graphs, a higher n-type doping level (i.e., a lower Vt,n) results in greater
degradation of the 2D FET. To transfer this information into the FET
network model, we perform a global fit of the degradation traces in Fig. 6c
with an exponential function, using the same exponent and separate fitted
coefficients for each stress bias to reduce the number of free parameters.
Next, we simulate the transfer characteristics of the FET network using the
Vt,n distribution extracted from PLmapping. For each NBTI stress bias, we
repeat the simulation by applying a stress-induced threshold voltage shift to
each FET pair, assuming ΔVt,n = ΔVt,p, as each node represents a uniform
region where trapped charges exert the same electrostatic impact on both
conduction branches. The applied shifts are exponentially proportional to
the initial Vt,n values, as extracted from the fit in Fig. 6c. As a result, an
empirical ΔVt,n distribution–reflecting both the spatially varying Vt,n and
the doping-dependent degradation–is incorporated into the equivalent

circuit model. In summary, rather than modeling the physical trapping
mechanisms explicitly, our approach uses the experimentally measured
correlation between doping and degradation to assign local threshold vol-
tage shifts.

A comparison of the fresh and degraded transfer characteristics of the
FET network is shown in Fig. 11a. The model successfully replicates the
asymmetric degradation across all stress conditions, with the n-branch
consistently exhibiting a greater shift than the p-branch. Although the FET
network model does not aim to describe the full physical and electrostatic
behavior of a 2D FET, the simulated ΔVt,n and ΔVt,p show good agreement
with experimental results (Fig. 11b), indicating that the electrostatic shift
induced by a non-uniform distribution of charges (extracted from experi-
ments) can be captured with sufficient accuracy. In particular, while the
model slightly overestimates degradation at high stress biases, it correctly
reproduces the asymmetry magnitude in all tested cases.

Compared to CPU-intensive 3D TCAD simulations, our equivalent
circuit approachoffers a fast andflexible framework to evaluate the effects of
spatial variability in large-area devices. However, its scope remains

symmetric shift

(a) (b)

Fig. 11 | Modeling asymmetric BTI in a non-uniform FET network. a Simulated ID-VBG curves from the FET network model incorporating the spatially varying doping
profile. b Comparison between experimental and simulated ΔVt,n vs. ΔVt,p, highlighting the model’s ability to reproduce the observed degradation asymmetry.

Fig. 10 | Non-uniform transport in a 150 × 60 FET-connected network.
a Schematic of the 150 × 60 FET-connected network implemented in a SPICE
simulator to model non-uniform transport and asymmetric degradation in large-
area WS2 FETs. The Vt,n distribution is derived by converting the PL map in Fig. 4
using the exponential fitting function shown in Fig. 5. b Simulated electron current

distribution at VBG = 7 V, illustrating preferential conduction through the channel
center, where ∣Vt,n∣ is lower (i.e., higher n-type doping). c Simulated hole current
distribution at VBG = − 8.5 V, showing that holes flow mainly through the channel
edges, where ∣Vt,p∣ is lower (i.e., lower n-type doping).
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qualitative–or at best semi-quantitative, as demonstrated in this work–since
it does not capture full electrostatics or quantum effects at the nanoscale.
Therefore, the FET network provides a simplified, easy-to-use tool to cor-
roborate our hypotheses, rather than serving as a replacement for sig-
nificantly more accurate and rigorous TCAD modeling. Because several
electrical parameters of each node’s FET can be arbitrarily adjusted, our
model is also readily extendable to other phenomena involving spatial
variability, such as non-uniform mobility or interface trap density.

Discussion
Our findings indicate that n-doped regions are associated with a sub-
stantially higher density of active defects, contributing to the reduced sta-
bility of the ID-VBGn-branch observed in our devices. This scenario is
plausible given the well-established sensitivity of 2D TMDs’ electronic
properties to their chemical environment. In this context, several studies
have shown that defects in the gate dielectric (e.g., oxygen vacancies and
undercoordinated Al atoms), defects in the channel (e.g., sulfur vacancies),
andadsorbateson theTMDsurface (e.g.,watermolecules)play a critical role
in modulating local doping25,32,38,39. These same defects also introduce
localized energy states within the band gap, potentially acting as carrier
traps. As a result, spatial variations in doping are likely correlated with the
spatial distribution of active traps. Furthermore, the enhanced stability of
the p-branch aligns with our previous study on 300-mm-integrated 2D
FETs with the same gate stack but different channel materials, whereWSe2
pFETs exhibited significantly greater reliability than MoS2 and WS2
nFETs40. This further supports the notion that, in our 300-mm-integrated
devices, n-type doping is associated with a higher trap density than p-type
doping. Nonetheless, a comprehensive comparison remains challenging
due to the limited availability of reliability studies on 2D pFETs.

In line with these observations, the occurrence of defects acting
simultaneously as dopants and charge traps may not be unique to theWS2
FETs discussed here. Similar channel-area-dependent doping effects have
beenobserved inour 300-mmintegratedMoS2FETs, featuring substantially
larger crystal domains and higher channel mobility (>100 μm and
20–50 cm2/V ⋅ s, respectively, compared to the ~ 100 nm domains and ~ 3
cm2/V ⋅ smobility of theWS2 channels investigatedhere)

28,30,31. This suggests
that the chemical species highlighted in this work–such as intercalated
water, oxygen vacancies, undercoordinated Al atoms, and sulfur
vacancies–could influence the stability of a broad range of 2D FETs.

While variations in impurity/defect concentrations–responsible for
both n-type doping and charge trapping–can explain the greater degrada-
tion observed in smaller devices compared to larger ones, the origin of these
variations, as well as the inhomogeneous doping profile along the channel
width in large-area FETs, remains unclear. If the doping variability were
caused by contact formation (e.g., via diffusion of impurities from themetal
contacts), one would expect a non-uniformprofile along the channel length
of large-area devices. However, since the observed heterogeneity occurs
along the channel width, it is more likely introduced during the patterning
step of device fabrication (e.g., water intercalation32).

Looking ahead, as fabrication processes advance toward highly scaled
devices with channel lengths and widths on the order of 10 nm, improved
process control is expected tomitigate unintentional doping effects, which is
essential to reduce threshold voltage variability.While themicrometer-scale
inhomogeneities observed in our current devices may become less relevant
in these future generations, nanoscale fluctuations in the electronic prop-
erties of TMDs are likely to remain a key factor affecting device
reliability21–24. For instance, in scaled ambipolar 2D FETs, degradation
asymmetries could still occur, as electrons and holes may traverse different
percolation paths subject to distinct defect types and trap densities.

Collectively, these results provide crucial insights into the intricate
interplay between charge trapping, channel doping, and channel inhomo-
geneities, highlighting their critical impact on the performance and long-
term stability of WS2 FETs. While n-type doping increases the density of
defects that are active during BTI stress, the inhomogeneous doping profile
observed in large-area WS2 FETs leads to asymmetric degradation of their

ambipolar transfer characteristics. Future studies focused on understanding
the relationship between defects and the electronic properties of 2D chan-
nelswill be crucial for optimizing both the performance and reliability of 2D
material-based devices, ultimately enabling their use in practical electronic
applications.

Methods
Device fabrication
All devices are fabricated in a 300 mm pilot line1,28. The WS2 channel (1–2
layers) is grown bymetal-organic chemical vapor deposition fromW(CO)6
and H2S precursors at 750

∘C directly on the 50 nm SiO2 back-gate oxide. It
is then capped with ~ 1 nmAlOx deposited at 100

∘C (5 cycles of TMA soak
followed by oxidation with H2O pulses), which enables the subsequent
deposition of 10 nmHfO2 by atomic layer deposition (ALD) at 350 ∘C.After
active patterning, the channels are encapsulated with SiO2 (PECVD) ILD0.
Source and drain contacts are defined using a damascene process: contact
trenches are etched and filled with Ti/TiN/W (TiN by ALD at 380 ∘C),
followed by CMP planarization. The perimeter of the side contacts
encompasses the entire contact pads (80 μm × 60 μm).

The investigated devices feature channel lengths Lch of 30.2 μm,
20.2 μm, 10.2 μm, 5.2 μm, and 2.2 μm, and channel widths Wch of 75 μm,
30 μm, and 10 μm.

Experimental methods and simulations
All electricalmeasurements are performedusing a Süss PA300probe station
equipped with two Keithley 2636B source-meters and a Thermochuck,
controlled over GPIB from a PC using a framework of Perl subroutines.

PL spectra are collected at room temperature on a Horiba Scientific
LabRAMHRspectrometerusing532 nmexcitation througha100×, 0.9NA
objective, yielding a ~ 1 μmspot size and a laser power density of ~ 0.3mW/
μm2. The laser penetrates the transparent top dielectric stack (300 nm SiO2,
10 nm HfO2, 1 nm AlOx), reaches the WS2 channel, and generates its
photoluminescence response. The emitted and scattered light is collectedvia
the same objective, dispersed by a 300 g/mm grating, and detected with an
open-electrode CCD, with a typical integration time of 10 s. Peak para-
meters are extracted using Fityk software.

SPICE simulations are performed using the Specter simulator
(Cadence).

Data availability
The datasets generated and analyzed during the current study are not
publicly available due to confidentiality agreements with industrial partners
collaborating within the imec research program. However, the data are
available from the corresponding author upon reasonable request.
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