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Abstract

The performance of MoS, transistors is strongly affected by charge trapping in oxide traps with very
broad distributions of time constants. These defects degrade the mobility and additionally lead to
the hysteresis of the gate transfer characteristics, which presents a crucial performance and reliability
issue for these new technologies. Here we perform a detailed study of the hysteresis in double-gated
MoS, FETs and show that this issue is nothing else than a combination of threshold voltage shifts
resulting from positive and negative bias-temperature instabilities. While these instabilities are well
known from silicon devices, they are even more important in 2D devices given the considerably
larger defect densities. Most importantly, the magnitudes of these threshold voltage shifts depend
strongly on the density and energetic alignment of the active oxide traps. Based on this, we introduce
the incremental hysteresis sweep method which allows for an accurate mapping of these defects and
extract their energy distributions from simulations. By applying our method to analyze the impact
of oxide traps situated in the Al,O; top gate of several devices, we confirm its versatility. Since all 2D
devices investigated so far suffer from a similar hysteresis behavior, the incremental hysteresis sweep
method provides a unique and powerful way for the detailed characterization of their defect bands.

Introduction

Molybdenum disulfide (MoS,) is a next-generation
semiconductor from a wide range of transition
metal dichalcogenides which is now considered for
applications in beyond-CMOS electronic devices.
Owing to a direct electronic bandgap of around 2.6 eV
in the single-layer limit [1, 2], MoS; has attracted
considerable attention for digital device applications.
In particular, numerous successful attempts at
fabricating MoS, field-effect transistors (FETs)
have been undertaken recently [3—10]. However,
these studies mostly deal with the analysis of the
performance characteristics of these devices, such
as mobilities and on/off current ratios, as well as the
exploration of fabrication techniques allowing them
to realize their theoretical performance potential
predicted by simulations [11]. Inaddition, thereis some
understanding that MoS, FETs are suitable for circuit
integration [12—14] and high-frequency applications
[15]. However, one of the most important performance
limitationsis due to defects. Even though at the moment

these defects severely reduce the potential for industrial
integration of these new technologies, they have not yet
received the attention they deserve.

The most critical component in terms of hyster-
esis and reliability is the insulator materials itself and
in particular its interface to the semiconducting chan-
nel. Many of these materials and interfaces have already
received a lot of attention in Si transistors [16] and
other electronic devices, such as flash memory cells
[17]. These studies have shown that every insulator
studied up to now contains some preexisting defects
[18] with widely distributed time constants [19], which
can act as trapping sites for the charge carriers in the
channel, and thus affect the device performance and
reliability. In particular, the most obvious consequence
of oxide traps is the ubiquitous charge trapping, which
can lead to long-term drifts of the transfer character-
istics during device operation or under the presence
of gate bias stress. These issues are known as bias-
temperature instabilities (BTT) and are a serious reli-
ability concern in conventional Si technologies [20—
25]. During the last decade BTT in Si FETs has been

©2017 IOP Publishing Ltd
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thoroughly characterized [22, 24, 26-28]. In particular,
charge trapping was identified to be a crucial contribu-
tor to the degradation [19,29]. At the same time, the reli-
ability of next-generation 2D devices, which is known
to be far below the standards of modern industrial FETs
[30-33], is still poorly understood. As such, commer-
cialization of these new technologies requires system-
atic reliability assessment studies, which would allow to
understand and minimize charge trapping in 2D FETs.

Although the reliability of MoS, FETs and other
2D devices is not properly understood yet, the simi-
larities to available data on Si technologies clearly sug-
gest that charge trapping in oxide traps is at the heart
of the problem [34-39]. As the dynamics appear to be
very similar to Si FETs [40], we expect that they can be
described using the models previously developed for Si
technologies [25,29,41]. However, the most ubiquitous
issue, which is typically observed in addition to partially
recoverable BTIshifts [30,31,42],is the hysteresis of the
gate transfer characteristics [34—37]. While in mature Si
techologies the hysterisis is negligible, in MoS, devices
this issue can still lead to considerable instabilities of
the device characteristics. In our previous work [40] we
have performed a combined study of the hysteresis and
BTI in MoS,/SiO, FETs and speculated that both the
hysteresis and BTT are due to the same type of oxide
traps, with the faster ones leading to the hysteresis and
slower ones to BTT. However, the oxide traps are known
to be localized within certain defect bands which are
unique for every insulator [18]. As such, informa-
tion about the density and energetic alignment of the
defects would allow for a considerable advancement in
our general understanding of the performance and reli-
ability of MoS, FETs.

Here we perform a detailed study of the hysteresis
behavior in double-gated MoS, FETs and show that the
observed instability of the threshold voltage is a conse-
quence of what is typically referred to as positive and
negative BTT (PBTI and NBTI, respectively). Based on
this, we introduce the incremental hysteresis sweep
method which allows us to perform an accurate map-
ping of oxide traps with different time constants. The
main ingredients of this method are the experimental
techique, which gives the density of active oxide traps
at different gate voltages, and the technology computer
aided design (TCAD) simulations which allow to link
the applied gate voltage with the trap level alignment
in a gate insulator. Thus, the results of our method are
the energy distributions of the density of oxide traps
with different time constants. In order to demonstrate
the versatility of our approach, we apply the method to
extract the distributions of oxide traps in the A, O3 top
gate insulator of our MoS, FETs. Although we demon-
strate that the density of oxide traps in AL,O3 layers is
relatively large, our results are instrumental for under-
standing the charge trapping dynamics in this high-k
oxide, whichis typically used either as a top gate insula-
tor [7, 32,43] or encapsulation layer [33, 44] in many
2D devices.

Y Y lllarionov et al

Note that our method targets exactly those oxide
traps which are responsible for the hysteresis and BTI
in MoS, FETs. These traps are typically localized within
certain defect bands which are a fundamental property
of any insulator. This is in contrast to some other tech-
niques based on capacitive measurements [45] or on the
analysis of the subthreshold swing [46]. For example,
the authors of [45] extract the density of band tail trap-
ping states in MoS, FETs, which result from the impact
of the defects in MoS; and interface states. At the same
time, the method of [46] allows to extract the density
of localized states in the semiconductor bandgap using
the subthreshold swing model. However, this approach
does not suggest any distinction between semiconduc-
tor defects and oxide traps. Furthermore, the analysis
is done in a simplistic manner ignoring the impact of
oxide traps, which is not suitable for 2D FETs.

Devices

Our devices are single-layer and bilayer double-gated
MoS, FETs. After chemical vapor deposition (CVD) of
the MoS, film, it was transferred onto a 280 nm thick
oxide coated silicon wafer, which was used as a back-
gate dielectric. Following fabrication of source and
drain contacts, the devices were coated with a 23.5nm
thick AL,O5 top-gate dielectric using atomic layer
deposition (ALD). The channel length L of the devices
varies from 500 nm to 3 pm, while the channel width
W is kept constant at 3 um. Top gate electrodes were
designed to be slightly smaller than L (350 nm to 2 m)
to avoid electrical break-through. A schematic layout
and microscope image of the devices are shown in
figures 1((a) and (b)). Electrical characterization shows
that the devices exhibit a relatively high on/off current
ratio, which can reach 10°~107 for single-layer devices
in both top gate and back gate operation modes (figures
1((c) and (d)). Single-layer devices with L = 500 nm
were selected for the detailed study.

Charge trapping in Mo$S, FETs: basics

Charge trapping in preexisting oxide traps is one of
the major issues known to affect the reliability of Si
technologies [20-25]. These defects are energetically
localized within certain defect bands and present a
fundamental property of every insulator [18]. During
device operation, traps within several nanometers from
the oxide/channel interface, known as border traps
[47], can exchange charge with the channel by means
of carrier capture or emission via tunneling process.
These charge trapping events are well described by non-
radiative multiphonon processes [25, 48, 49] and their
dynamics depend on the capture and emission time
constants 7. and 7, respectively. The essential aspect of
these processes is that the time constants are dominated
by structural relaxation at the defect sites rather than
the tunneling probabilities. Due to the amorphous
nature of most oxides, these time constants are widely
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Figure 1. (a) Schematic layout of our double-gated MoS, FETs. The top gate insulator is 23.5 nm thick Al,O3 and the back gate
is 280 nm thick SiO». (b) A microscope image of our CVD MoS, devices. (c) Back gate and (d) top gate transfer characteristics
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distributed for different defects and present the time
which is required for each particular defect to capture or
emita carrier under favorable bias conditions. Note that
the most important characteristic of a non-radiative
multiphonon process is its strong temperature- and
bias-dependence.

As has been found recently, next-generation 2D
devices [32,33,50,51],in particular MoS, FETs [30,31,
34-37,40,42], also suffer from the charge trapping at
preexisting oxide defects. The dynamics of the underly-
ing processes are surprisingly similar to Si technologies
[32,33,40]. Depending on the microscopic structure
of the defect, studied in detail for SiO, based on Si/
SiO, FETs, one usually speaks of electron or hole traps
respectively. The charge transfer process itself is the
same in both cases. The two processes only differ in the
change of the charge of the trapping defect in the oxide.
This defect either goes from positive to neutral (hole
trap) or from neutral to negative (electron trap). There-
fore, the difference between electron and hole traps is
only visible in an offset of the transfer characteristic, as
it only changes the balance of fixed charges. From the
overall charge balance required for our TCAD simula-
tions, we conclude that the defect band in Al,O3, which
dominates the charge capture and emission processes
causing the hysteresis, is an electron trapping band.
In figure 2 we schematically illustrate the charge trap-
ping in our devices operated in the top gate mode. In

equilibrium, which corresponds to the flat-band volt-
age Vi, the defects localized below the Fermilevel Epare
negatively charged, while the ones above Epare neutral.
At the same time, the threshold voltage of the device
strongly depends on the concentration of charged
defects and can be given as

+ q(Not - I\I(e)‘tl

(&
Vin = Vi

(1)
with g being the elementary charge, Cyg the top gate
oxide capacitance, N, the concentration of charged
defects, Vil the equilibrium threshold voltage and Ng{
the concentration of charged defects. In particular,
if Vig < Vg, is applied, band-bending shifts most
defects above Ep. As such, charged defects, except those
with very large emission time constants, can emit an
electron into the channel and become neutralized (i.e.
discharged). Thus N, becomes smaller, which makes
the threshold voltage Vi, of the device more negative.
This issue is known as NBTL. Conversely, if Vig > Vg, is
applied, a considerable number of defects is below Ep,
which is close to the conduction band of MoS,. Thus,
neutal defects, except those with very large capture
time constants, can capture an electron from the
channel and become charged. As a result, N, becomes
larger and Vi, is more positive, which is known as PBTTI.
The most obvious consequence of both issues on the
performance of MoS, FETs is the hysteresis of the gate
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Figure2. (a)Schematics of the nonradiative multiphonon charge exchange between the MoS, channel and oxide traps in the
AL O3 top gate insulator. (b) In equilibrium (Vi; = Vp,) the defects with energy levels above Eg are neutral, while the ones below Eg
are negatively charged. If a certain Vi4 is applied, the trap can either conserve its equilibrium charge state or change the charge state,
which depends on the energy level and capture/emission time of a particular trap. For example, at Vi; < Vg, (NBTI) most traps
are above Ep, which allows those of them which have been charged in the equilibrium to emit an electron and become neutralized.
Conversely, at Vig > Vg, (PBTI) most traps are below Er and thus can capture an electron and become charged. The difference
between the charge states at Vigmin and Vigmax leads to the hysteresis of the I4—V;g characteristics.

transfer characteristics [34—37]. Namely, Vi, measured
usinga V" sweep (from Vigmin to Vigmay) is typically more
negative than the one measured usinga V= sweep (from
Vigmax 10 Vigmin), which is because Ny at Vigmin is smaller
than at Vigmax. Furthermore, those oxide traps which
are too slow to follow the hysteresis sweeps remain
charged and can cause long-term NBTI and PBTI drifts
which appear if a constant gate bias stress is applied for
a considerable time and can be recovered if the device
is returned back to the equilibrium (for more details
see our previous work [40]). Below we will show that
the charge trapping behavior can be used as an efficient
instrument for accurate mapping of oxide traps in
MoS, FETs.

Results and discussions

We performed all our measurements in complete
darkness and in a vacuum (5 x 107°~107> torr,
T = 27 °C). The latter was necessary to avoid the
detrimental impact of the ambient [36]. The hysteresis
was investigated by measuring the gate transfer
characteristics at V3 = 0.5V using both V* and V~
sweep directions. In order to capture the impact of
oxide traps with widely distributed time constants, we
varied the sweep rate S = Vjgep/titep between 0.02 and
5000V s~' by adjusting the step voltage Vi and the
sampling time fp. While using smaller Vi, allowed
us to access more oxide traps, a larger ty.p allowed to

increase the amount of slower traps which are able to
contribute to the hysteresis. Also, we mostly focused
on the analysis of the hysteresis on the top gate transfer
(Ig-Vig) characteristics and used different sweep ranges
Vigmin t0 Vigmax. The hysteresis width A Viywas measured
around Vi, which was extracted using a constant current
methodatly = 10nA.

In figure 3 we compare the Ig—V;g characteristics
measured using both sweep directions and different
sweep rates for the Vig sweep range from —10to —3V.
The threshold voltages measured using the V' sweep
mode become more negative as S is decreased. As
shown by the schematic band diagrams (figure 3(b)),
this is because around Vg, most defects are above the
Fermi level Eg, which allows their efficient discharging
by means of electron emission. As a result, an NBTI
degradation is observed, which is more pronounced
for slower sweeps, i.e. larger stress times. Conversely,
around Vigmay we are dealing with PBTI degradation,
which is associated with charging of some defects. Thus,
the threshold voltages measured using V~ sweeps are
more positive compared to their V* sweep counter-
parts, and a clockwise, i.e. PBTI-like, hysteresis is
observed. Since the magnitude of PBTI degradation is
strongly dependent on S, which determines the stress
time, for slower sweeps the hysteresis becomes larger.
However, if the sweep rate is as fast as 5000V s™!, we
do not see any considerable hysteresis, while Vi, is
more positive than even for S = 100V s~ 1. This means
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Figure 3. (a) The I3-Vig characteristics of our single-layer MoS, FETs measured using the Vig sweep range from —10to —3Vand
different sweep rates. Both the V+and V-~ curves are shifted in an NBTI-like manner with respect to the S = 5000V s~! curve.
(b) This is due to discharging of oxide traps around Vigmin, which becomes more efficient for slower sweeps and presents nothing else
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Figure 4. (a) The I4—Vig characteristics of our single-layer MoS, FETs measured using the Vig sweep range from —10to 14V and
different sweep rates. Contrary to figure 3, the transfer characteristics measured using the V™~ sweep mode are shifted in a PBTI-like
manner with respect to the S = 5000V s~ curve. (b) The reason for this is a larger Vigmax Which leads to a larger fraction of sweep

increased PBTI contribution, the hysteresis width is considerably larger than it was for the narrower sweep range.

s the number of accessible defects. (c) Owing to a dramatically

that the time constants of most oxide traps accessible
within this narrow sweep range are larger than the
corresponding sweep time, which is around 1 ms. As
such, we assume that the I4—V;g characteristic measured
usingS = 5000V s~ ! is weakly affected by charge trap-
ping and take it as a reference curve (see more details in
figure S1 in the supporting information (SI) (stacks.
iop.org/TDM/4/025108/mmedia)). Thelatter allows us
to split the total hysteresis width A Vjjinto the threshold
voltage shifts AV, and AV, obtained for the I3V
characteristics measured using the V" and V™~ sweep
modes, respectively. As shown in figure 3(c), both shifts
are of NBTI-like nature, while being larger for smaller
measurement frequencies f = 1/Ntye, with N being
the number of V;; steps of duration fge, [40]. This is
because for the narrow sweep range the major fraction
of the total sweep time is spent at V;; corresponding to
an NBTTbias condition, i.e. Vigis below the equilibrium
voltage. Nevertheless, AV, is smaller than AV, due
to PBTI degradation, which occurs more close to Vigmax
and becomes stronger for smaller f. The latter leads to
the observed hysteresis.

The results corresponding to the V;; sweep range
from —10to 14V are shown in figure 4. While the I-V;,
curve measured using the V' sweep mode is shifted in
an NBTI-like manner with respect to S = 5000V s~

curve, a larger Vigmax leads to a PBTI-like shift of the V-~
sweep characteristics. Thus, a considerable hysteresis
is observed, which is a result of both NBTI and PBTI
degradation. While the NBTI magnitude remains com-
parable to the case of narrow sweep ranges, the PBTI
contribution is dramatically increased. The latter is
because the larger Vigmay increases both the number of
oxide traps which can be charged (figure 4(b)) and the
total time spent ata PBTI bias condition, when most of
the defects are shifted below Er due to the band bend-
ing. Since both NBTT and PBTI shifts become larger
for slower sweeps, the hysteresis width also increases.
However, for very slow sweep frequencies A Vj; tends to
saturate, which is consistent with the universal behav-
ior reported in our previous work [40]. The results
obtained on the back gate can be found in figure S2 in
the SI.

The results above show that the number of oxide
traps which are able to contribute to the hysteresis
depends strongly on Vigmax, which determines the mag-
nitude of the PBTI contribution and hence the total
hysteresis width. In addition, the number of traps able
to contribute strongly depends on the sweep rate, as
the traps with capture/emission times larger than the
sweep time will not be able to react. Thus, aiming to
map these defects with their widely distributed time
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Figure5. (a) Schematicillustration of our experimental technique for the mapping of oxide traps. For several values of Vi, from
therange [1V...0.01 V] we measure the hysteresis behavior using ty, varied between 0.2 ms and 500 ms, so that the reference

(§ =5000Vs~) I—Vig characteristic is measured first. The measurements are repeated with Vignin = — 10V and Vignmax

varied between —3 and 14V in 1V steps. As a result we obtain a set of the AVy( f) characteristics. (b) The AVE( fland AV (f)
characteristics obtained at T = 27 °C for our single-layer MoS, FETs. The distances between the AV (f) curves are proportional to
the concentrations of oxide traps which become charged within the corresponding Vg interval.

(b) Measurement Frequency [Hz]

constants and different energy levels, we employed the
following experimental technique which presents the
main ingredient of our incremental hysteresis sweep
method. An elementaryloop consists of measurements
of the I¢—Vig characteristics usingboth V* and V- sweep
directions with a fixed sweep range and different Vyp
and fep [40]. As shown in figure 5(a), the full measure-
ment procedure consists of repeated loops of this kind
for different sweep ranges using a fixed Vigmin = —10V
and Vigmax varied from —3 to 14V in 1V steps. This
allows us to obtain a set of AViy( f) characteristics which
strongly depend on Vigmax and thus contain the infor-
mation about the energy distribution of the density of
charged oxide traps with different time constants (see
figure S3 in the SI). Next we follow the approach of
figures 3—4 and evaluate the PBTT and NBTI contrib-
utions into the total hysteresis widths by splitting the A
Vu(f) characteristics into AVi( f)and AV (f) parts.
The results measured using Vigmin = —10V and Vigmax
between —3 and 14V for single-layer devices are shown
in figure 5(b). Since we have used the same Vg, for
all these measurements, the AV ;. (f) characteristics,
which are associated with the NBTI contribution into
the total AVj, are nicely reproducible. Some negligi-
ble variations of AV }.( ) originate from a slight drift
of the device in between the measurement loops with
different Vigmax. Conversely, the AV (f) curves, which
contain the fingerprint of the PBTI contribution, fol-
low an increase of Vigmax. The latter is because the defect
band of Al,O3 is bent by applying a top gate voltage,
which shifts the traps below the Fermi level. Thus, an
increase in the maximum of the sweep range by an
interval AVigmax bends the defect band downwards a
bit stronger. In this way, traps which formerly have been
situated above the Fermi level during the whole sweep
can now contribute as well. In other words, if higher top
gate voltages are applied, defects with a higher energy
level can be accessed. At the same time, the high car-
rier densityin the accumulation regime assures that the
band bending affects first and foremost the Al,O5 layer.
As such, after polynomial smoothening of the obtained
AV 4 (f) characteristics (see figure S4 in the SI) we

calculate the concentration of oxide traps which come

into play between Vigmax and Vgnllax as

Cg
q
)
with C, being the top gate oxide capacitance and g the
elementary charge. In order to be able to contribute
to the charge trapping processes, these traps should
be able to capture the electrons which are tunneling
from the MoS, channel through the top gate dielectric.
As such, the active oxide traps should be situated not
farther than a maximum distance d,x ~ 2.6 nm from
the MoS,/Al, O3 interface (see the detailed evaluation
in the SI). Therefore, the oxide trap density within the

device operation range can be estimated as

ANL(f) = (AV(fs Vigna) — AValfs Vigma)

o Viems+ Vigna /- ANG(f)
ot] Vig = > = - -
2 dmaxlvlt;niax - Vltgmaxl

(3)

Processing of the results shown in figure 5(b) using

the equations (2)—(3) allows us to obtain the distribu-
tion of the oxide trap density for Vi, between —2.5 and
13.5V.In order to link V;; with the AL,O; trap level E, we
next perform TCAD simulations with the parameters
taken from theliterature [1,2,52,53]. Namely, Eg/[‘)sz =
2.6€V, E§1203 =6.7eV and yM°S: =3.74¢V, yAbO =
1.35eV have been used for the electronic bandgap and
the electron affinity of single-layer MoS,; and ALD-
grown AL, O3, respectively. Furthermore, the four-state
non-radiative multiphonon (NMP) model known
from Si technologies [25] has been implemented to
describe the charge trapping by oxide traps which leads
to the hysteresis. In figures 6(a) and (b) we show that
both the shape of the I;—V{g characteristics and the hys-
teresis dynamics measured using different sweep rates
and sweep ranges can be reasonably well matched by
our TCAD simulations. Furthermore, simulations of
alarge number of I4—Vig characteristics with different
sweep parameters allowed us to extract the hysteresis
widths and reproduce the experimental set of the AV
(f) characteristics for different Vigmay (figure 6(c)). This
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Figure 6. The I;—Vig characteristics measured using the sweep ranges from -10to -3V (a) and from -10 to 14V (b) and different
sweep rates can be reasonably well reproduced by our TCAD simulations. This allows us to obtain reasonable fits of the AVy( f)
characteristics for different sweep ranges (c), thus validating our experimental approach.
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Figure?7. (a) The band diagrams for the cross-section of our single-layer MoS, FETs and the defect level alignment simulated

with TCAD forVi; = —10V,V;; = —3VandVi; = 14V.(b) The corresponding defect density distributions used in the TCAD
simulator for each defect band. (c) The variations of the trap level Et in AL, O; versus V;g obtained from the band diagrams by
assuming band-bending within 2.6 nm from the MoS,/Al,O; interface and smoothened using a linear approximation.

(d) The corresponding differential energy distributions of the oxide trap density Dy(E); the measurement frequency fis spaced
logarithmically between 10and1 x 107> Hz. (e) The Do (7.) dependences are different below, around and above the Dy((E) peak. The
lower (L) region is mostly populated by slower traps, while in the middle (M) region Dy is similar for the oxide traps with different 7.
Finally, in the upper (U) region the density of slower traps is limited.

allowed us to validate our experimental approach and
to determine the position of the trap level Etin AL,Os5.
The band diagrams for the SiO,/MoS,/AlL, O3 sys-
tem underlying the results of figure 6 are shown in
figure 7(a). For SiO, we are using two distinct defect
bands which have been identified in our previous
works [33, 54]. The upper defect band is located at
Ef = 2.754+ 0.4 eV below the SiO, conduction band
edge [33], which almost exactly matches the value

previously reported for Si technologies (~2.6eV) [55].
The lower defect band, also known from Si technolo-
gies [54], is at EIT = 4.56 + 0.35 eV below the SiO,
conduction band edge. However, the charge trapping
issues in MoS; n-FETs can be only due to the upper
defect band in SiO,, which is located close to the con-
duction band of MoS,. As for the Al,O3, we found
that there is one defect band at E = 2.55+0.3 eV
below the Al,O3 conduction band. This value is also
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in reasonable agreement with the one previously iden-
tified for Si technologies (~2.0eV) [55], which further
confirms that every insulator has its unique defect
bands. The distributions of oxide traps for the defect
bandsin SiO, and Al;O3 used in our TCAD simulations
are shown in figure 7(b). While our mapping range
from Vi, = —3V to 14V corresponds to accumula-
tion, the Fermi level is pinned close to the conduction
band of MoS,, which agrees with previous literature
reports [56—58]. Thus, in agreement with our qualita-
tive interpretation above, for more positive Vg the num-
ber of Al,O3 defects in the active region, i.e. below the
Fermi level Eg, increases due to band-bending which
changes the shape of the Al,O; defect band and brings
more defects downwards. This leads to their efficient
chargingand, consequently, a larger hysteresis for wider
sweep ranges.

The results of figures 7(a) and (b) allow us to recal-
culate the applied V{g into the trap level Et by consider-
ing the band-bending of the Al,03 defect band within
dmax &~ 2.6 nm from the interface. In figure 7(c) we
show the obtained E1(Vg) dependence with Et given
in the units of electronic energy E used in the band dia-
grams. We notice that there is a saturation at larger Vi,
which is an artifact related to the discrete defect bands
used in our TCAD simulations (see figure S5 in the SI).
Therefore, in order to obtain a more physical Er(Vig)
dependence, we use a linear approximation. With this
mapping we can convert our experimental Do(Vig)
dependences into the differential energy distribu-
tions Dyt(E). In figure 7(d) we show the Dy (E) curves
obtained for the measurement frequency spaced loga-
rithmically between 10 and 1 x 1072 Hz, which corre-
sponds to capture times 7. ~ 1/f from 107! to 10° s.
The typical defect densities determined for the AL,O3
defect band are similar to those previously obtained for
the same oxide in Si devices (~102°cm™> eV™!) [55].
At the same time, the D, (E) distributions are broadly
consistent with the simple Gaussian shape used in our
TCAD simulations (see figure S6 in the SI), although
additional peaks, likely associated with some imper-
fections of real devices, are present. Furthermore, the
dependence of D, versus the measurement frequency
along the defect band is also consistent with the shift
of the Gaussian peak which follows from our TCAD
simulations (figure S6). In particular, we can exper-
imentally resolve three regions with different Dy ( f)
behavior. In the lower (L) region, i.e. below the D (E)
peak, we observe a monotonous increase of Dy as fis
decreased. This means that the capture times are dis-
tributed within the whole interval [10~s... 10 s], while
the number of slower trapsislarger (figure 7(e)).In the
middle (M) region, i.e. around the Do (E) peak, the Dy,
(f) dependence is weak, which suggests that the frac-
tions of slower and faster traps are comparable. Finally,
in the upper (U) region D, decreases for smaller f, i.e.
faster traps dominate. Thus, at very slow sweeps most
defects have enough time to become charged, which
leads to some saturation in the magnitude of the PBTI
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contribution and, consequently, in the total hysteresis
width. The latter is fully consistent with the results
of our TCAD simulations and some experimental
observationsreported in the previous work [40], which
suggest that the maximum of AVj can be reached ata
comparably small measurement frequency.

Finally, we have performed a detailed verification
of our method by comparing the Dy (E) distributions
extracted from the simulated AVy(f) curves (figure
6(c)) with the total trap density which has been orig-
inally used in the TCAD simulator (see the details in
figures S7-8 in the SI). While a reasonable agreement
has been achieved, we found that the peak D, values
extracted using our approach are smaller than those for
the input trap density (e.g. figure 7(b)). This observa-
tion confirms that our incremental hysteresis sweep
method is sensitive exactly to those oxide traps which
contribute to the hysteresis, while the number of traps
which can be captured depends on the ratio between
1/fand the time constants. At the same time, the typical
Dy ~10?°cm eV ~! obtained for MoS,/Al,O5 system
are comparable to those reported previously for MoS,/
SiO, FETs [59], while being larger than for SiGe/Al,O;
(~5x 10" cm™2 eV™!) [60] devices, not to mention
the Si/Si0, FETs (< 107 cm™2eV 1) [61].

Conclusions

In summary, we have performed a detailed study
of the hysteresis dynamics in double-gated MoS,
FETs. We found that this issue is a consequence of
device degradation due to positive and negative bias-
temperature instabilities, which are related to charging
and discharging of oxide traps, respectively. Based
on this finding, we have developed the incremental
hysteresis sweep method which allows to perform an
accurate mapping of oxide traps with widely distributed
time constants. By using the experimental technique
of our method and TCAD simulations to convert the
applied top gate voltage into the electronic energy, we
have extracted the differential energy distributions of
oxide traps in single-layer MoS, FETs and confirmed
the validity of our approach. Taking into account that
the hysteresis appears to have the same origin in all new
2D technologies, we are confident that the reported
method is universal.

Methods

Device fabrication

Single-layer Mo$S, was grown by chemical vapor
deposition (CVD) on c-plane sapphire similarly to the
method suggested in [62]. After cleaving the sapphire
substrates and consecutive cleaning by ultrasonication
inacetone and 2-propanol, they have been placed face-
down over an alumina crucible containing ~5mg
Mo0O3 (99.998%, Alfa Aesar) and loaded into a quartz
tube (diameter 20 mm) of a three-zone split-tube
CVD furnace. A second alumina crucible containing
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30 mg of sulfur (99.9%, Sigma-Aldrich) was loaded
upstream of the substrate in a colder region of the
furnace. The tube was flushed several times with
ultra-high purity argon at room temperature. After
heating up the furnace (ramp rate: 50°C/min, Ar flow:
10 sscm, atmospheric pressure), the temperature was
kept constant at 700°C for 15 minutes to grow the
MoS; film. Subsequently, the furnace was left to cool
down to ambient temperature. The synthesized MoS,
film was transferred from the sapphire substrate onto
a280 nm thick oxide coated silicon wafer for electrical
characterization similarly to the method suggested
in [63]. To perfrom the transfer, the MoS, film was
spin-coated with a thin polystyrene film, which was
lifted-off in water. Subsequently the carrier film
was transferred onto the target wafer and dissolved
in toluene. Transistor devices were fabricated by
e-beam lithography and dry etching of the MoS, film
in rectangular shape (20 x 3y m?) to create single
devices. Source and drain contacts were defined by
e-beam lithography, e-beam evaporation of Ti/Au
(5nm/40 nm) and lift-off. The channel length varied
from 500 nm to 3 pm, while the channel width was
kept constant at 3 pum. For electrical isolation of the
top-gate, a thin layer (23.5nm) of Al,O; was deposited
on the whole wafer by atomic-layer deposition. Top-
gate electrodes were fabricated by e-beam lithography
(gate length from 350 nm to 2 um, depending on
the channel length), e-beam evaporation of Ti/Au
(5nm/40 nm) and lift-off in acetone.

Experimental technique

All our measurements have been performed using a
Keithley-2636A in a chamber of a Lakeshore vacuum
probestation (5 x 107107 torr). We measured the
I4~Vig characteristics of our double-gated MoS, FETs
in both sweep directions using step voltages Viip in the
range [1V...0.01 V] and a sampling time f, varied
between 0.2 ms and 500 ms. This allowed us to vary the
sweeprateS = Vjiep/tsiep between 0.02 and 5000V sl
An elementary loop of our experimental technique
consists of measurements using a fixed sweep range
Vigmin t0 Vigmax and different Viep and zgep. By loops using
a fixed Vigmin = —10V and Vigmay between —3 to 14V
in 1V steps, we obtain a set of AVyy( f) characteristics
which contain the information about the density of
charged oxide traps with different time constants. The
measurement frequency is given as f = 1/(Ntyp) with
N = 2((Vgmax—Vgmin)/Vitep + 1) being the number of
voltage step points.

Modeling

The modeling has been done using the drift-diffusion
based TCAD simulator Minimos-NT [64]. First a two-
dimensional model of the device cross-section was
implemented using parameters taken from theliterature
[1,2, 53] and validated against measured I;—V;; and I
—Vig characteristics. Then the modeling of oxide traps
was performed based on our previously developed
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four-state non-radiative multiphonon (NMP) model
[25]. This model has already been successfully applied
to capture various aspects of charge trapping by oxide
traps in Si technologies [54, 65, 66] and back-gated
FETs with MoS, [40] and black phosphorus [33]. To
simulate the hysteresis widths and offsets using the
four-state NMP model, a set of microscopic defects
was generated while assuming normally distributed
model parameters. Finally, the model parameters were
calibrated to the comprehensive experimental data set,
which covers different sweep rates and sweep ranges
corresponding to different time constants and energy
level ranges of the traps involved.
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