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Evidence of microscopic inhomogeneities of the side source/drain contacts in 300 mm wafer
integratedMoS2 field-effect transistors is presented. In particular, the presence of a limited number of
lowSchottky barrier spots throughwhich channel carriers are predominantly injected is demonstrated
by the dramatic current changes induced by individual charge traps located near the source contact.
Two distinct types of “contact-impacting traps” are identified. Type-1 trap is adjacent to the contact
interface and exchanges carriers with the metal. Its impact is only observable when the adjacent
contact is the reverse-biased FET source and limits the channel current. Type-2 trap is located in the
AlOx gate oxide interlayer, near the source contact, and exchanges carriers with the channel. Its
capture/emission time constants exhibit both a gate and drain bias dependence due to the high
sensitivity of the contact regions to the applied lateral and vertical fields. Unlike typical channel-
impacting oxide traps, both types of reported defects affect the Schottky barrier height and width
rather than the threshold voltage and result in giant random telegraph noise (RTN). These observations
indicate that the contact quality and geometry play a fundamental role in the ultimate scaling of
2D FETs.

Alongside the increasingly challenging efforts to continue the scaling of
silicon-based electronics, field-effect transistors (FETs) based on two-
dimensional transition metal dichalcogenides (TMDs) stand out as one of
the most promising candidates for the sub-nanometer technology nodes
after 20301–4. However, devices with high, stable, and reliable performance
are still a distant goal requiring special research attention5,6.

The two-dimensional nature of the semiconductor channel poses
major challenges for the development of a commercially feasible 2D device
technology, with the achievement of high-quality interfaces with the sur-
roundingmaterials representing aparticularly difficult task. Firstly, theweak
out-of-plane Van der Waals (VdW) interactions exerted by 2D semi-
conductors hinder the nucleation of oxide materials and are responsible for
the formation of non-passivated bond-rich interfaces and defect-rich gate
dielectrics, which in turn result in large charge trapping and limit the use of
typical 3D insulators7–12. Secondly, the fabrication of good metal/2D semi-
conductor contacts has proven to be anything but trivial due to untunable
Schottky barrier heights and strong Fermi level pinning, which eventually
cause excessively large contact resistances13–15. In addition to that, the choice

of contact geometry for fully integrated devices is still a matter of debate, as
twomajor options are currently under investigation16,17: top contacts, i.e. the
metal/channel interface above the 2Dmaterial and parallel to its plane, and
side contacts, i.e. the metal/channel interface at the edge of the 2Dmaterial.
Top contacts can be obtained by depositing the metal on top of the 2D
channel and generally provide better performance with lower contact
resistance18,19. However, there is no straightforward path for scalable and
integrable top contacts on monolayer TMDs in a high-throughput indus-
trial processing environment20. Side contacts, on the other hand, can be
more easily implemented in devices with stacked gate-all-around 2D
channels21–23, whichwill be needed to outperform the upcoming technology
nodes based on gate-all-around stacked Si nanosheets24. Nevertheless, the
achievement of high-quality side contacts is a challenging task25–30. Indeed,
etching through the top capping layer and the TMD channel is required,
which possibly introduces significant damage to the contact environment,
such as defects and etch residues at themetal/TMD interface. Furthermore,
the time delay and exposure to an uncontrolled ambient between the trench
etch and the metal deposition steps contribute to the formation of
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hetereogeneous in-plane chemical interactions along the contact
perimeter27. These factors, coupled with the highly non-uniform surface
potential of 2D TMDs31–34, result in the formation of inhomogeneous
Schottky contacts35,36 and individual low-barrier spots through which car-
riers are primarily injected, leading to non-uniform conduction through the
channel (Fig. 1a).

Before we delve into the details of percolative behavior in 2D
FETs, it is first useful to highlight some concepts concerning charge
traps in silicon-based technologies to better understand the impact of
similarly behaving defects on 2D devices. In a typical Si channel FET
the effect of single charged defects on the threshold voltage depends
on their spatial position with respect to the channel37. First, traps
close to the source and drain p–n junctions contribute less to the
threshold voltage shift than traps located at the center of the channel.
Second, individual dopants, fixed charges, surface roughness, and
metal granularity result in surface potential fluctuations that can
reach tens of meV. Hence, the near-threshold regime channel
transport is percolative (Fig. 1b) and the impact of individual defects
is further randomized. In particular, a charge trap located in the
vicinity of a percolation path will induce large RTN as it suppresses a
current-limiting region of the channel. The activity of typical
channel-impacting oxide traps is also gate voltage-dependent due to
the electrostatic shift of the trap energy level with respect to the
channel Fermi level induced by the applied gate bias (VG)

38. In
general, the capture/emission time constants of defects far from the
channel will have a larger VG dependence than those of defects close
to the channel due to the larger VG leverage effect on the trap
energy level.

In TMD-based FETs, charging/discharging traps near the low-barrier
spots of the inhomogeneous Schottky contacts are predicted to generate
substantial RTN as a result of the local perturbation of the Schottky barrier.
Their capture/emission time constants are not only expected to exhibit gate
voltage dependence based on their vertical position relative to the channel,
but also strong drain voltage dependence, as the lateral potential drop in
scaled 2DFETprototypes is larger across themetal/semiconductor junction
than along the channel (i.e., contact resistance-limited). Furthermore, the
bias conditions of the two side contacts are different, depending on the
applied lateralfield. If the left contact is groundedand the voltageVDapplied
to the right contact is larger than 0 V, the left contact is the reverse-biased
source and a charging defect close to a low-barrier spot will strongly affect
the device current. In contrast, if VD < 0 V, the left contact is the forward-
biased drain and a change in the Schottky barrier height and width induced
by a charging/discharging defect in its vicinity no longer affects the device

current significantly, as it is limited by the reverse-biased right contact.
Therefore, the magnitude of the RTN signal generated by a contact-
impacting defect is expected to depend on the polarity of the applied
lateral field.

In this work, we study the detrimental effect of contact-impacting
defects on the performance of 300 mm integrated MoS2 FETs with scaled
channel area. A schematic of the device structure is shown in Fig. 2. We
show that the presence of charge traps not only affects the transistor
threshold voltage as a consequence of the surface potential variation with
carrier capture/emission38, but can also perturb the Schottky barrier when
the defect is located in the vicinity of the side source/drain contacts, resulting
in large current fluctuations that can reach nearly 40% variation. To do so,
we investigate random telegraphnoise (RTN) given by twodifferent types of
contact-impacting traps. First, we extract their experimental capture/
emission time constants as a function of the applied back-gate and drain
potentials (VBG and VD, respectively). Then, we explain their distinct
behavior by using a simplified circuit model and TCAD simulations.

The dramatic current changes induced by the observed defects
represent evidence of the microscopic inhomogeneities of the source/drain
Schottky contacts, resulting in non-uniform currents through the device.

Fig. 1 | Percolative transport: Si vs TMD.
a Schematic representation of percolative transport
through the channel and non-uniform Schottky
barriers in 2D FETs with side contacts electro-
statically doped by the back gate. JTE and JFE are the
thermionic-emission and field-emission compo-
nents of the total current injected through the
Schottky junction. b Schematic representation of
percolative transport in conventional Si FETs. In
this case, the highly doped source and drain do not
limit the current.

Fig. 2 | Device structure. Schematic structure of a back-gated 300 mm integrated
MoS2 FET with side source and drain contacts.
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Their detrimental impact is expected to become even larger as the channel
and contact dimensions are further scaled down.

Results
Analysis of RTN
Back-gated FETs with 1–2 monolayers of MoS2 grown on sapphire
(MOCVD), transferred onto 50 nm SiO2, and capped with 1 nm AlOx/10
nm HfO2 insulating stack (Fig. 1) are used in this work39. The side contact
trenches are filled with Ti/TiN/W forming the source and drain side con-
tacts. Transmission electron microscopy (TEM) images along the length
andwidthof representativeMoS2devices are included in theSupplementary
Information (Supplementary Fig. 1).

Before studying the impact of individual charge traps, we first measure
the transfer characteristics of several scaled FETs (channel length—Lch—
from 75 nm to 160 nm and channel width—Wch—from 40 nm to 180 nm).
All measured devices are affected by strong n-doping leading to poor
current modulation (Fig. 3a) and cannot be completely turned off even at
VBG =− 40 V. The reason behind this effect could be the presence of a high
concentration of impurities (e.g., carbon) and/or oxygen vacancies in the
AlOx interlayer, which create an electron-rich environment and promote

electron transfer to the underlyingMoS2
40,41. Further details can be found in

the Supplementary Information (Supplementary Note 2).
Unlike previously reported works where scaled 2D FETs were inves-

tigated at low temperatures to freeze out most defects and isolate only a
handful of them42, we are able tomeasure RTN by fixing the bias conditions
and monitoring the current over time at room temperature. Each device is
subjected to a repeated number of measurements (~50) in order to collect a
statisticallymeaningful dataset. Two interesting cases are shown in Fig. 3. In
the first RTN trace (Fig. 3b), the interrelated activity of two distinct traps,
both controlling the same percolation path, is detected (see Supplementary
Note 3 for details)43–46. During the first time frame of the measurement,
defect B is discharged, while defect A captures and emits electrons repeat-
edly (A’↔A). At t ~ 90 s, defect B captures an electron (B→ B’), causing a
negative variation of net charge that partially obstructs the carrier flow
through the percolation path. The negative net charge of B’ also perturbs the
energy level of defect A, resulting in a variation of its capture and emission
time constants. As a consequence, A (defect discharged) becomes sig-
nificantly more stable than A’ (defect charged), and only a few capture
events can be recorded. When both defects are negatively charged (A’B’),
transport along the percolationpath is substantially hindered and the lowest

Fig. 3 | Transfer characteristics and RTN. Examples of transfer characteristics (a) and RTN traces (b, c) measured on scaled MoS2 FETs. Complex interrelated defect
activities (b) and high current fluctuations (c) suggest that the observed traps are located in the vicinity of current-limiting spots of the device system.

Fig. 4 | Output characteristics and RTN. SlowVD-rate ID–VD curves collected on 3
different devices with Lch = 75 nm andWch = 180 nm (a), Lch = 160 nmandWch = 40
nm(b), andLch = 135 nmandWch = 40nm (c). In all cases, distinct RTN features can
be observed by switching VD polarity, which supports the hypothesis about the
presence of defects in the vicinity of the source/drain contacts. Insets: schematics of

the horizontal channel band diagram for different VD conditions. When VD > 0 V,
the left (L) junction is reverse-biased (source), while the right (R) junction is
forward-biased (drain). When VD < 0 V, the bias conditions of the two contacts are
swapped.
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current level ismeasured.Due to the high instability of the device under test,
the properties of defects A and B are not investigated further.

In the second trace shown in Fig. 3c, a giant RTN step is observed with
nearly 40% current variation, which indicates the presence of a trap near a
current-limiting bottleneck of the system. Similar RTN has been already
reported by Ravichandran et al., who observed comparably large current
steps induced by individual defects in back-gated MoS2 FETs

42. Since our
scaled devices are contact-limited due to high contact resistance (see Sup-
plementary Fig. 3), the source/drain regions are identified as the most
probable candidates for the trap location. As mentioned above, a trap
located close to either contact can affect the Schottky barrier due to the local
potential perturbation induced by its switching charge state. As a con-
sequence, its impact is expected to be maximized when the affected contact
is reverse-biased and thus limits the current. It is important to emphasize
that defects next to the contacts are also expected to influence the device
threshold voltage, as commonly known for Si-based technologies. However,
due to the dominant resistance of the Schottky contacts and the peripheral
position of the reported defects37, the contribution of the threshold voltage
shift on the measured RTN is believed to be negligible.

To prove our hypothesis on the defect location, we measure multiple
ID-VD curves at varying VBG biases using a slow sweep rate (SR = 2.5 mV/s)
on 17 highly-scaled devices. Three examples are shown in Fig. 4. First, the
large variability of the output characteristics, ranging from nearly linear to
strong Schottky behavior across different devices and switchingVD polarity,

corroborates our assumption about the inhomogeneity of the side Schottky
contacts. Second, in nearly all cases, large current steps are observed and
different RTN features are detected when the VD polarity is switched, sug-
gesting thatmost impactful defects are located close to an injection spot of the
lateral contacts, in agreement with our previous suppositions. Note that the
notationVD is used for the potential applied to the right contact.WhenVD is
positive, the right contact is the forward-biaseddrainand the left contact is the
reverse-biased source. When VD is negative, the right contact becomes the
reverse-biased carrier source. Within the 17 highly scaled devices, we can
distinguish 14 different defects generating large RTN steps depending on the
applied VD polarity. The cumulative distribution function (CDF) of the
collected step heights, each one corresponding to a different defect, is
calculated for three gate biases and shown in Fig. 5. At VBG =− 30 V, the
resistance of the electrostatically doped side contacts—i.e., source and drain
are controlled by the overlapping back gate—significantly increases and,
therefore, the effect of contact-impacting traps is larger. In this case, all
collected step heights exceed 10% current variation, highlighting the
tremendous impact of defects affecting contact properties in scaled 2D FETs.

Two defects, namely the type-1 and type-2 traps (defined in Fig.
4a, b), produce clear and rich RTN traces throughout the entire range
of investigated voltages, which make them good candidates for fur-
ther study. An in-depth analysis of their distinct behavior is reported
in the following sections.

Type-1 trap
Inorder to extract the time constants of the type-1 trap, the ID–VDcurves are
divided into VD intervals of 0.05 V. Then, the drain current is plotted as a
function of time. For each slice, a baseline is calculated with an asymmetric
least squares smoothing algorithm and subtracted from the data to simplify
the step detection (Fig. 6a). Since the investigated 2D FETs are n-type
devices operating in accumulation, each capture/emission event involves a
trap near theMoS2 conduction bandminimum (CBM), suggesting that the
investigated defects are likely acceptor traps. When the defect captures an
electron, the net negative charge increases and the channel current drops.
Conversely, when the defect releases an electron, the net positive charge
increases and the channel current rises. Hence, the corresponding capture
and emission times are collected at each negative and positive current step,
respectively37,38.

The timedistributionof the capture andemission events is known tobe
exponential38. Thus, the capture and emission time constants, τc and τe, can
be calculated using their maximum likelihood estimator:

hτi ¼ 1
N

XN
i¼1

ti; ð1Þ

where ti is the time at which the ith capture/emission event occurs. Further
details on the extraction of the time constants can be found in the

Fig. 5 | RTN step height distribution of contact-impacting defects. a Examples of
RTN affecting the output characteristics of three different devices. b Cumulative
distribution function of the RTN step heights generated by contact-impacting
defects. For each ith point of the sorted dataset, theCDF is calculated as (i− 0.3)/(n+
0.4), where n is the total number of collected step heights. Step heights are collected
from the slow ID–VD curvesmeasured on 17 highly scaled devices. In total, 14 defects
are found featuring different impact depending on the VD polarity.

Fig. 6 | Time constants of the type-1 trap. Example of an ID–VD slice from Fig. 4a (a) and experimental 〈τe〉 extracted for the type-1 trap (b). 〈τe〉 is constant throughout the
entire range of investigated voltages.
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Supplementary Information (Supplementary Note 4). 〈τe〉 of type-1 trap
calculated for several bias conditions is shown in Fig. 6b. Interestingly, no
dependence onVBG orVD is observed in this case. The capture times are too
short to be resolved by the measurement sampling time and generate
emission steps with a single data point and varying height. Therefore, 〈τc〉
cannot be calculated.Nevertheless, the collected traces suggest that 〈τc〉does
not dependon the applied voltages either as the average relative height of the
emission steps is constant across the entire rangeof investigatedVBG andVD

values. The lack ofVDandVBGdependence indicates that no shift of the trap
energy level occurswith respect to the carrier reservoir’s Fermi level. For this
reason, the type-1 trap is identified as a defect adjacent to the interface of the
right metal contact. This hypothesis is, in fact, compatible with both our
main experimental findings: (1) large RTN can be observed at negative VD

only, i.e. when the right contact is the reverse-biased source, meaning that
the trap is located in its vicinity, and (2) a change in VD or VBG does not
result in a variation of the defect time constants because the trap energy level
is pinnedby themetal and its position is unchangedwith respect to themetal
Fermi level. Assumptions on the vertical position (bottom oxide, channel or
top oxide) of type-1 trap are instead difficult to make as no VD or VBG

dependence can be used to exclude any possibilities. Nevertheless, the trap is
expected to be sufficiently close to the channel to have a significant impact
on the injected current.

In order to further support our explanation, we develop a simple
circuit model to qualitatively reproduce the effect of a change in the
Schottky barrier of either contact due to a charging/discharging trap
on the output characteristic of a MoS2 device. A 2D FET in the on-
state can be described as two back-to-back Schottky diodes, repre-
senting the source and drain contacts, with a resistor in between,
mimicking the channel resistance (Fig. 7). Given a certain VD, the

current flowing through the circuit can be calculated by numerically
solving the following system of non-linear equations:

VD ¼ V s þ Vch þ Vd

J ¼ Js0 � exp
�qV s
nskBT

� �
� exp qV s

kBT

� �
� 1

� �
J ¼ Rch= Vch � A

� �
J ¼ Jd0 � exp

qVd
ndkBT

� �
� 1� exp � qVd

kBT

� �� �

Js0 ;d0 ¼ A� T1:5 exp � qΦs;d

kBT

� �
;

9>>>>>>>>>=
>>>>>>>>>;

ð2Þ

with Vs,Vch,Vd being the potential drop across the source junction, the
channel, and the drain junction, respectively, Rch the channel resistance, A
the cross-sectional area of the channel (same as the contact area), ns,d the
ideality factors of the Schottky contacts,Φs,d the Schottky barrier heights, T
the temperature, kB the Boltzmann constant, and A* the Richardson
constant. Two important simplifications must be mentioned here. First,
electrostatically doped contacts are employed in our devices. Hence, the
Schottky barriers are strongly dependent on the applied gate bias. However,
since we only use this model for a qualitative description of the output
characteristics collected at fixed gate bias, this dependence is not included in
the Schottky diode equations. Second, the electrostatic perturbation
introduced by a charged point defect is expected to locally affect both the
height and thewidth of the inhomogeneous Schottky barrier. However, due
to its overall complexity, this interaction is only treated as an effective
variation of the Schottky barrier height, which is considered to be uniform
along the contact perimeter.

Fig. 8 | Time constants of the type-2 trap. Example of an ID–VD slice from Fig. 4b (a) and experimental 〈τc〉 and 〈τe〉 extracted for the type-2 trap (b). Both time constants
depend on VBG and VD.

Fig. 7 | Circuit model. a Plot of the output char-
acteristics affected by the type-1 trap.b circuitmodel
used to fit the experimental data. A small change in
the source Schottky barrier height correctly
describes the VD polarity-dependent RTN.
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A plot of the experimental andmodeled ID–VD curves is shown in Fig.
7. By changing the height of the source Schottky barrierΦS by 10 meV it is
possible to accurately emulate the height of the RTN steps observed for
negativeVD. In this case, the VD-biased contact is the source and a charged
trap located in the vicinity of a low barrier spot has a very strong impact on
the device current. On the contrary, when a positive VD is applied, the bias
conditions of the two contacts are swapped and the same defect no longer
affects the current significantly. The simple circuit model is able to correctly
describe this feature as well, in agreement with the experimental data.

Because of its proximity to the side contact, type-1 trap could be argued
to also enhance carrier injection by trap-assisted tunneling. However, this
would require the defect to be located right next to themetal/MoS2 interface,
which is necessary to have sufficiently high trap-to-channel tunneling
probability. In addition, it should also exhibit complex behavior featuring
additional states with very fast transition rates in order to significantly
contribute to the drain current (ID ~ 0.1 μA, hence τc and τe ~ 10−12 s)47. For
these reasons, we believe that type-1 trap unlikely provides an efficient path
for tunneling.

Further speculations on the nature of the type-1 trap are difficult to
make as no information about its energy level and vertical position can be
retrieved. Nevertheless, it is logical to assume that it may be generated by
reactive ion etching used during side contact processing, as it is found to be
adjacent to the source interface. Such traps could be cured using

combinations of post deposition and post metal annealings, which are
known to significantly reduce defect density in a wide variety of device
architectures and gate stacks48–50.

Type-2 trap
The same time constant estimationmethoddescribedabove is applied to the
type-2 trap as well (Fig. 8). In this case, the capture time constant increases
with VD and decreases with VBG, while the emission time constant exhibits
the opposite trend. A first clue as to the location of this trap is the weak
dependence on VBG. Indeed, a ΔVBG of 30 V results in a capture/emission
time constant variation of about one order of magnitude only. A rough
estimation of the distance γ of a defect in the bottom gate oxide from the
channel is given by the following equation42:

γ

tox
¼ � kBT

q
δðhτci=hτeiÞ

δVBG
; ð3Þ

where tox is the gate oxide thickness. In our case, γ≃ 0.2 nm, suggesting that
the vertical field has poor leveraging effect on the trap energy level.
Therefore, the type-2 trap is likely an interface/channel defect or a defect in
the top oxide, where the electric field generated by the bottom gate is
screened by the charge carriers in the channel.

In order to obtain more detailed information on the behavior of the
type-2 trap, we resort to the use of a TCAD model51 to describe the elec-
trostatic shift of its energy level ET induced by the applied fields. Themodel
is calibrated tofit the output characteristics of thedevice atVBG=− 30,−15,
and 0V (Fig. 9) using the sameparameter set (see SupplementaryNote 5 for
details). Similar to the circuitmodel shown inSection “Type-1 trap”, theVD-
and VBG-dependent amplitude of the RTN signal can be accurately repro-
duced by varying the source Schottky barrier heightΦS by 20 meV. Hence,
also this type-2 trap is likely located close to the source contact (reverse-
biased) and affects its barrier upon charging/discharging.

To shed further light on the precise spatial and energy position of the
type-2 trap, we follow with the analysis of the energy shift of a defect placed
in different spots of the device induced by either a gate or drain voltage
change. The ratio of the capture and emission time constants depends
exponentially on the difference between the trap energy level and the Fermi
level of the carrier reservoir (e.g., the 2D channel):

hτci
hτei

¼ exp
ET � EF

kBT

� �
: ð4Þ

Hence, the trap energy position can be estimated using the experimental
time constants shown inFig. 8. By choosingVBG=− 30VandVD=0.725V

Fig. 9 | TCADmodel calibration.Output characteristics of theMoS2 device affected
by the type-2 trap. The calibrated TCAD model provides a good description of the
experimental data. A change of 20 meV in the source Schottky barrier height cor-
rectly reproduces the RTN step height for all bias conditions.

Fig. 10 | Extraction of the type-2 trap position. aDevice schematic with several possible positions of the type-2 trap. b Bias-dependent time constant ratio of the type-2 trap
fittedwith the calibrated TCADmodel. The best fit is obtained using a trap located ~4.5 nm from the source, ~0.5 nm above the channel (location iii), and ~20meV below the
conduction band minimum of MoS2.
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as the starting condition, ET is found to be located ~20 meV below the
conduction bandminimumofMoS2. Once the initial energy position of the
type-2 trap is determined,weuse the calibratedTCADmodel to re-calculate
ET− EF as a result of the electrostatic shift induced by either a drain or gate
bias variation. Then, Equation (4) can be used to estimate 〈τc〉/〈τe〉 at each
VBG andVD condition. We repeat this procedure for 5 possible locations of
the trap in the device (Fig. 10a):

i. 4.5 nm from the source and 0.5 nm from the channel in the bot-
tom oxide.

ii. 4.5 nm from the source and in the channel.
iii. 4.5 nm from the source and 0.5 nm from the channel in the top oxide.
iv. 80 nm from the source and 0.5 nm from the channel in the top oxide.
v. 4.5 nm from the drain and 0.5 nm from the channel in the top oxide.

Plots of the experimental and simulated 〈τc〉/〈τe〉(VD,VBG) are shown
in Fig. 10b. A defect located in the bottom oxide is expected to exhibit a
much stronger dependence on VBG, as most of the electric field variation
following a back-gate bias change occurs in the bottom gate stack due to the
screening effect of the charge carriers in the channel. Therefore, this defect
location can be excluded. Similarly, a defect distant from both side contacts
or close to the drain metal is expected to show no dependence (same as
typical channel-impacting defects in Si FETs) or opposite dependence on
VD, respectively, and cannot describe the experimental data. Hence, only
two options remain: the defect is located next to the source and in the
channel (location ii) or next to the source and in the top oxide (location iii).
Both cases are able to provide a good description of the VD- and VBG-
dependent 〈τc〉/〈τe〉.

The TCAD-calculated band diagrams in Fig. 11 help to understand the
VD- andVBG-dependent behavior of both types of contact-impacting traps.
The trap energy levels projected onto the plane defined by a horizontal cut
through the middle of the channel are shown for three different bias con-
ditions. ET,1 is the energy level of a defect at the interface with the source

contact (similar to the case of the type-1 trap). This trap can likely exchange
carriers with the adjacent metal and the position of its energy level with
respect to the metal Fermi level remains unvaried upon any VBG or VD

change. ET,2 is the energy level of a defect located in the top AlOx interlayer,
0.5 nm above the channel, and 4.5 nm from the source contact (location iii).
Hence, it likely exchanges carriers with the channel due to the narrower
tunneling barrier. When VD is increased, ET,2 is pushed upwards, the
probability of capturing an electron decreases (longer 〈τc〉), and the prob-
ability of emitting an electron increases (shorter 〈τe〉). On the contrary,
whenVBG is increased, ET,2 is pushed downwards and the opposite trend of
〈τc〉/〈τe〉 is observed. Similar averageVBG andVD dependence is expected in
large devices for a large number of such defects forming bands.

ET extracted for the type-2 trap (~20 meV below MoS2 CBM) is
compatible with the defect levels of an oxygen vacancy or an interstitial
aluminum in Al2O3

52. In addition to this, several cases of charge trapping
associated to AlOx defects in TMD-based FETs have been reported in the
literature42,53. The combination of these findings with the good agreement
between experimental and modeling results obtained for the VBG- and VD-
dependent 〈τc〉/〈τe〉 suggest that the type-2 trap is probably a defect in the
top AlOx interlayer.

With future advances in the development of a 2D technology, the
achievement of low-resistance ohmic contacts will drastically reduce the
effect of contact-impacting defects (both type-1 and type-2) as the source
will no longer be a current-limiting element of the device system. Never-
theless, similar traps will still be relevant as they are expected to be present
along the entire longitudinal extension of the device (type-2 defect is indeed
identified as a AlOx defect) and will possibly affect transport along the
channel, similarly to the Si case shown in Fig. 2b. In order to mitigate their
detrimental effect, a two-fold action is required. First, improvement of the
device processing and optimization of the dielectric stack, including the use
of novel low-defect density materials54–56, are needed to reduce the number
of active traps. Second, the implementation of special dipole layers could
enable efficient misalignment of the trap energy levels with respect to the
channel Fermi level and significantly reduce charge trapping57–59.

Discussion
Inhomogeneities of the 2D channel in TMD-based FETs, along with etch-
induced damage during contact fabrication, result in the formation of side
contacts exhibiting non-uniform Schottky barriers. To support this picture,
we investigated the atypical VD- and VBG-dependent electron-trapping
behavior of single defects in MoS2 FETs integrated on 300 mm wafers. In
particular, we were able to identify two distinct types of contact-
impacting traps:
• the type-1 trap is a defect adjacent to the source interface exchanging

carriers with the contact metal. Hence, its capture/emission time
constants do not depend on the applied voltages and the RTN signal is
observed atVD < 0 V only, when the right contact is the reverse-biased
source.

• the type-2 trap is a defect located in the top AlOx interlayer, ~0.5 nm
above the channel, and ~4.5 nm from the source (left contact in this
case). It exhibits both a VD- and VBG-dependent RTN due to the
electrostatic shift of its energy level with respect to the channel Fermi
level induced by the applied biases.Both types of defects affect the
Schottkybarrierheight andwidth rather than the threshold voltage and
generate large RTN that can reach nearly 40% of current variation.
Such a dramatic impact on the device current can be only explained by
considering the presence of a limited number of low Schottky barrier
spots through which carriers are predominantly injected, resulting in
non-uniform conduction through the channel.
Our results highlight the urgency of finding suitable materials and

processes to achieve ohmic source/drain contacts with low resistance,
reduced defect density in the gate dielectrics, and uniform 2D channels, as
the impact of traps located in the vicinity of the lateral contacts is expected to
significantly grow by further scaling down the device size.

Fig. 11 | TCAD-calculated band diagrams at different bias conditions. a Full band
diagram atVBG =− 30 V andVD = 0.225 V. b Zoomed band diagram atVBG =− 30
V and VD = 0.225 V. c Zoomed band diagram at VBG =− 30 V and VD = 0.725 V.
d Zoomed biand diagram atVBG = 0 V andVD = 0.725 V. ET,1 is the energy level of a
type-1 trap communicating with the source contact metal. Hence, a VD or VBG

change does not shift the trap energy level with respect to the metal Fermi level EF,m.
ET,2 is the energy level of a type-2 trap in the top oxide (position iii in Fig. 10a) located
~20meV below theMoS2 CBMand communicating with the channel. A variation of
either applied bias (VBG or VD) shifts ET,2 with respect to the channel Fermi
level EF,ch.
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Methods
Device fabrication
All devices are fabricated entirely in a 300 mm pilot line60,61. The MoS2
channel (1-2 monolayers) is grown by MOCVD on sapphire and then
transferred onto the back gate stack (50 nm SiO2/p+ Si). Next, it is capped
using AlOx interlayer (trimethylaluminum soak followed by oxidation),
which enables subsequent deposition of 10 nm HfO2 by atomic layer
deposition (ALD). Finally, after active patterning, side contact trenches are
etched through HfO2, AlOx, MoS2 and ~5 nm into SiO2 using BCl3/Cl2
plasma and subsequently filled with Ti (highly directional PVD), TiN
(ALD), and W (CVD).

Electrical characterization and simulations
Scaled devices with varying channel length Lch and channel widthWch (Lch
from 75 nm to 135 nm;Wch from 40 nm to 180 nm) are investigated in this
work. The electrical performance of large area devices39 is shown in the
Supplementary Information (Supplementary Fig. 2). Electrical measure-
ments are performed in an ambient environment at room temperature
using a Süss PA300probe station equippedwith twoKeithley 2636B source-
meters. Each experiment is controlled over GPIB from a PC using a fra-
mework of Perl subroutines. TCAD simulations are performed with
Synopsys Sentaurus Device.

Data availability
The data that support the findings of this work are available from the
corresponding authors upon reasonable request.
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