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ABSTRACT: Defects play a pivotal role in limiting the
performance and reliability of nanoscale devices. Field-effect
transistors (FETs) based on atomically thin two-dimensional
(2D) semiconductors such as monolayer MoS, are no
exception. Probing defect dynamics in 2D FETs is therefore
of significant interest. Here, we present a comprehensive insight
into various defect dynamics observed in monolayer MoS, FETs
at varying gate biases and temperatures. The measured source-
to-drain currents exhibit random telegraph signals (RTS) owing
to the transfer of charges between the semiconducting channel
and individual defects. Based on the modeled temperature and
gate bias dependence, oxygen vacancies or aluminum inter-
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stitials are probable defect candidates. Several types of RTSs are observed including anomalous RTS and giant RTS indicating
local current crowding effects and rich defect dynamics in monolayer MoS, FETs. This study explores defect dynamics in large
area-grown monolayer MoS, with ALD-grown Al,O; as the gate dielectric.

KEYWORDS: random telegraph signals, MoS,, Al,Oj, defects, field-effect transistors, charge trapping, reliability

ccording to the International Roadmap for Devices and
ASystems (IRDS), atomically thin and semiconducting
transition metal dichalcogenides (TMDCs) such as
monolayer MoS, are promising alternatives to silicon for both
low-power and high-performance logic devices at advanced
technology nodes.' > Recent developments in high-perform-
ance field-effect transistors (FETs) based on large-area-
synthesized monolayer MoS, and demonstration of integrated
circuits for digital, analog, radio frequency (RF), and brain-
inspired electronics justify its inclusion in the IRDS.*”'°
Unsurprisingly, most studies on MoS, FETs focus on
improvement in large-area grow‘ch,17 optimization of transfer
and fabrication process flow,"*'®' contact and mobility
engineering,zo_zz the realization of scaled devices,*>** etc., to
meet the theoretical performance limit predicted by numerical
simulations. However, less emphasis is placed on under-
standing the nature and origin of defects in MoS, FETSs, which
can ultimately limit performance and raise reliability concerns.
Defects in MoS, FETs can reside in the semiconducting
channel, such as sulfur vacancies, or at the channel/dielectric
interface, or in the dielectric stack. Their origin can be ascribed
to growth imperfection, film transfer, fabrication processes, and
fundamental properties of the gate dielectrics and their distinct
defect bands.”>*® During device operation, these defects can
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exchange charges with the channel, affecting device perform-
ance and reliability.”**” Most reliability studies on MoS, FETs
involve the investigation of bias temperature instabilities
which occur due to charge trapping in the
or at the trapping sites introduced by adsorbates
and water molecules at the interface.””** Charge trapping can
lead to a decrease in the field-effect mobility, worsening of the
subthreshold slope, and hysteresis in the device transfer
characteristics as well as permanent or partially recoverable
threshold voltage shifts.

Whereas BT1 is a useful approach for studying the reliability
of 2D FETs, a better understanding of the physical
mechanisms of charge trapping and the nature of the involved
defects can be obtained via the characterization of individual
defects. Such characterization, however, requires ultrascaled
devices, which contain only a few defects within the channel
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Figure 1. Fabrication and characterization of monolayer MoS, field-effect transistor (FET). (a) Raman spectra obtained from the MoS$, film
showing the characteristic in-plane E,l,g and out-of-plane A;, modes at 384 and 402 cm™, respectively, with a peak-to-peak distance of ~18
cm™'. Raman maps for (b) E;l,g and (c) A,, peak positions measured over a 50 gm X 50 pm area. The mean and standard deviation values are
shown in the inset. (d) Photoluminescence (PL) spectra with a characteristic monolayer peak at 1.82 eV. (e) Color map for the PL peak
position, measured over a S0 gm X 50 gm area. The mean PL peak position was found to be at ~1.83 eV with a standard deviation of ~0.001
eV. (f) Atomic force microscopy (AFM) micrographs of the MoS, film indicating a coalesced monolayer film with a few oriented bilayer
domains on top and a thickness of ~0.7 nm. (g) Schematic of our MoS, FET with 50 nm atomic-layer-deposition-grown Al,O, as the gate
dielectric and Pt/TiN/p**-Si as the back-gate. The channel length (L) and width (W) were defined to be 500 nm and S ym, respectively. (h)
Transfer characteristics, i.e., source-to-drain current (Ij) versus back-gate voltage (Vp), measured at a source-to-drain voltage Vj,g = 1V for
a representative MoS, FET at room temperature (T = 300 K). (i) Output characteristics, i.e., Ig versus V;, measured using different Vg
values for the same representative FET.

area.” In particular, when a single defect dominates the device
response, discrete steps can be observed in the measured
source-to-drain currents resulting in a random telegraph signal
(RTS).** Statistical analysis of RTS allows for the extraction of
the capture and emission time constants, trap level, activation
energy, and even the physical location of the defects,”” offering
insights into the microscopic properties of the defects.
Stampfer et al.>° observed RTS from single defects in scaled
FETs based on exfoliated multilayer MoS, with a 50 nm X 50
nm channel area. They found these defects are located either in
the bulk SiO,, which was used as the back gate dielectric, or at
the SiO,/MoS, interface, or on top of the channel arising from
adsorbed water molecules and processing contaminants. Fang
et al’”** and Li et al.”’ were also able to observe RTS in
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exfoliated mono- and multilayer MoS, FETs despite a
relatively large channel area (~10—100 um?®), albeit at low
temperatures (<100 K). Interestingly, to the best of our
knowledge, there is no report of observation of RTS in large-
area synthetic monolayer MoS, FETs, although previous works
involving high-resolution transmission electron microscopy
(TEM) and scanning tunneling microscopy (STM) have
suggested sulfur monovacancies as the most abundant defect
type in synthetic MoS,.*"*"

Here, we report the observation of RTS in metal—organic
chemical vapor deposition (MOCVD)-grown monolayer
MoS,-based FETs at varying gate biases and temperatures.
By modeling the bias- and temperature-dependence of the
capture and emission time constants with a nonradiative
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Figure 2. Observation of random telegraph signals (RTS) in a monolayer MoS, FET. (a) Transfer characteristics of a monolayer MoS, FET
measured using Vg = 1 V at different temperatures, T = 15, 50, 100, 200, and 300 K, and (b) corresponding I,s sampled every 7, = 4 ms at
Vg = 1.5, 1.5, 0.75, —0.25, and —2 V, respectively. RTS is observed for T < 200 K. (c) Power spectral density (PSD) obtained using the fast

Fourier transform (FFT) of I in (b). The presence of RTS is associated with a Lorentzian profile in the frequency domain, i.e., slope = 1/ 2

whereas the absence of RTS is associated with a flicker noise profile in the frequency domain, i.e., slope = 1/1 . (d) Histogram plot for I;g in

(b). The presence of RTS is associated with two distinct Gaussian distributions, whereas the absence of RTS is associated with a single
Gaussian distribution. (e) Time lag plot (TLP) for I;g in (b). TLP involves the plotting of time-domain I;)g data in an x—y plane where the x-
values represent the i time series data and the y-values represent the i+1™ time series data for I In strictly two-level state transition
dynamics corresponding to a single defect, one would expect a rectangular TLP with only the four corner points. However, at any finite
temperature the discrete current points transform into clusters and the transition points get distributed along the arms of the rectangular
feature. As the temperature increases, the clusters start to spread more and eventually coalesce into a single diagonal line, as seen from the

TLPs corresponding to the I,y measured at T > 200 K.

multiphonon model (NMP), possible defect candidates for the
charge trapping in the AlL,O; gate oxide and their electronic
and vibrational properties are identified. Several types of RTS
are observed, including anomalous RTS and giant RTS
indicating local current crowding effects and rich defect
dynamics in synthetic monolayer MoS, FETs using Al,O; as a
gate dielectric.

Characterization of MOCVD-Grown Monolayer MoS,
Films. The monolayer MoS, utilized for this study was grown
using MOCVD on 1 cm? c-plane sapphire substrates at a
temperature of 1000 °C. To ascertain the quality of the MoS,
film used in this study, material characterization was performed
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using Raman spectroscopy and atomic force microscopy
(AFM). Figure la shows the Raman spectra obtained from a
representative MoS, film where the characteristic in-plane E%g
mode and out-of-plane A;; mode were observed at 384 and
402 cm™, respectively, with a peak-to-peak distance of ~18
cm™'. Figure 1b,c show the Raman maps for E%g and Aj, peak
positions measured over a 50 gm X S0 um area, respectively.
The mean and standard deviation values for Eig and A;, were
found to be ~383.7 and ~0.17 cm™ and ~401.8 and 0.14
cm™, respectively. Supplementary Figure 1 shows Raman
maps for the peak separation and peak ratio between Eig and
A, measured over a 50 ym X S0 um area. Figure 1d shows the
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photoluminescence (PL) spectra with a characteristic mono-
layer peak at 1.82 eV. Figure le shows the color map for the
PL peak position, measured over a 50 ym X 50 ym area. The
mean PL peak position was found to be at ~1.83 eV with a
standard deviation of ~0.001 eV. The surface morphology and
thickness of the film were characterized by AFM. Figure 1f
shows the AFM micrograph of the MoS, film, indicating a
coalesced monolayer film with a few oriented bilayer domains
on top and a thickness of ~0.7 nm. The underlying
morphology in the monolayer region arises from the steps in
the sapphire substrate. Nevertheless, the results of the material
characterization indicate high-quality growth of the films.

Fabrication and Characterization of Monolayer MoS,
FETs. The monolayer MoS, FETs employed for this study use
a global back-gated architecture with 50 nm atomic-layer-
deposition-grown Al,Oj as the gate dielectric and Pt/TiN/p**-
Si as the back-gate electrode. Figure 1g shows the schematic
for the MoS, FET. The monolayer MoS, films were transferred
from the growth substrates (sapphire) onto the target
substrates via a poly(methyl methacrylate) (PMMA)-assisted
wet-transfer process. Following the transfer, electron beam (e-
beam) lithography and dry etching using SF¢ plasma were used
to isolate the channel area. The channel length (L) and width
(W) were defined to be 500 nm and S um, respectively. Next,
the source and drain contacts were defined using another set of
e-beam exposures. Finally, e-beam evaporation was performed
to sequentially deposit 40 nm of Ni and 30 nm of Au to serve
as the contacts for the FETSs. Details on monolayer MoS,
synthesis, film transfer, and fabrication of the back-gate
electrode stack and MoS, FETs can be found in the Methods
section as well as in our recent works.*”'®** Figure 1h shows
the transfer characteristics, i.e., source-to-drain current (Ipg)
versus back-gate voltage (Vy;), measured at a source-to-drain
voltage Vg = 1 V for a representative MoS, FET at room
temperature (T = 300 K). As expected, monolayer MoS, FETs
exhibit dominant n-type transport owing to the pinning of the
metal Fermi level close to the conduction band. Figure 1i
shows the output characteristics, i.e., Ig versus Vps, measured
using different Vy; values for the same representative FET.

Observation of RTS in Monolayer MoS, FETs. The
impact of individual defects on silicon-based FETs has been
extensively studied.” It is well known that the capture and
emission of charges by the defect sites lead to a shift in the
threshold voltage (Vyy) of the device, which manifests as
hysteresis in the FET transfer characteristics. The stochastic
nature of charge carrier capture and emission can lead to
temporal fluctuations in the source-to-drain current when
measured at constant source-to-gate and source-to-drain
biases. In fact, discrete steps can be observed in I if only a
handful of defects are present in the channel area and cause
notable changes in the electrostatics of the device. Such an Ipg
profile is referred to as RTS. This is generally the case in
ultrascaled devices where a reduction in the channel area leads
to the confinement of a few defects with each defect having a
considerable impact on the device characteristics. RT'S can also
be observed in relatively large-area devices when they are
measured at low temperatures. This can be attributed to the
fact that only a few defect states are energetically accessible for
the charge carriers at low temperatures and that the current
flow can be locally constrained, thereby causing sizable step
heights.

Figure 2a shows the dual-sweep transfer characteristics of a
monolayer MoS, FET measured using Vg = 1 V at different

temperatures, T = 15, 50, 100, 200, and 300 K. While the
transfer characteristics, measured at all temperatures, show
hysteresis, discrete steps are observed only at low temper-
atures, i.e, T < 300 K, as highlighted in the insets of Figure 2a.
Figure 2b shows the Ipg sampled every 7, = 4 ms at V5 = 1.5,
1.5,0.75, —0.25, and —2 V for T = 15, 50, 100, 200, and 300 K,
respectively. Clearly, strong RTS signals are observed for T <
200 K. Note that different V; biases were chosen for the RTS
measurements to ensure a similarly large Ipg range, hence a
comparison of the RTS close to Viyy. Supplementary Figure 2
shows the Ipg measured at different Vp; values at these
temperatures. As expected, the RTS signal is most prevalent at
15 K, gradually disappears with increasing T, and completely
vanishes for T = 300 K. The temperature dependence of RTS
can also be explained by analyzing the frequency spectrum of
the time-domain I measurements. Figure 2c shows the power
spectral density (PSD) obtained by using the fast Fourier
transform (FFT) of Is in Figure 2b. Supplementary Figure 3
shows the PSD obtained for the I traces shown in Figure 2
corresponding to different Vp; and temperatures. Note that the

PSD shows a characteristic 1/ 4 profile for T > 200 K, whereas a
Lorentzian profile (slope = 1/ ) is observed for T < 200 K. This

can be explained using the McWhorter model,** which states
that carrier capture and emission by defect states in the
dielectric are elastic tunneling events, and each event is
associated with a characteristic time constant that is related to
the depth profile of the corresponding defect. These discrete
tunneling events manifest as RTS in the time domain and a
Lorentzian spectrum in the frequency domain. Furthermore,
the summation of all RTS events, each with different
characteristic time constants, is the origin of the universally
observed l/f noise spectra in the frequency domain (see

Supplementary Figure 4). In other words, at low temperatures,
i.e, for T < 200 K, only one or a few energetically active defect
states are accessible for carrier capture and emission leading to
discrete state fluctuations or RTS in the time domain and a
Lorentzian spectrum in the frequency domain, whereas at
higher temperatures more defect states are accessible, resulting
in the superposition of several discrete state RTS that leads to
continuous fluctuations in the time domain and l/ 4 spectra in

the frequency domain. Note that the elastic tunneling model
cannot explain either the difference in capture and emission
time constants that are typically observed or the pronounced
temperature dependence of the capture time. To explain the
temperature dependence, Kirton and Uren realized that the
model needs to account for the structural relaxations at the
defect site by introducing a phenomenological Boltzmann
factor.”> Their model was further refined in the NMP
model,*****” where the gate bias and temperature dependence
of the time constants are correctly described based on phonon-
mediated structural relaxations at the defect site.

Another way to visualize the presence of RTS is to plot the
histograms of the measured I, as shown in Figure 2d. The
presence of RTS is associated with the observation of two or
more Gaussian distributions, as seen from the histograms
corresponding to Ipg measured at T = 15, 50, and 100 K,
whereas the absence of RTS is associated with a single
Gaussian distribution, as seen from the histograms correspond-
ing to Ipg measured at T = 200 and 300 K. Also note that the
histogram plots for RTS traces with only two discrete states
corresponding to the involvement of a single defect should

https://doi.org/10.1021/acsnano.2c12900
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Figure 3. Gate-bias-dependent RTS for extracting energetic and physical locations of a defect. (a) RTS traces and (b) corresponding TLPs
obtained for Vz; = 0.5, 1, and 1.5 V at T = 15 K. The Vg range was chosen such that the two-state defect dynamics dominate. Here, the time
spent in the lower state is referred to as the capture time, and the time spent in the upper state as the emission time, i.e., 7, and 7,
respectively. Normalized histogram plots on a logarithmic time scale for (c) 7, and (d) 7, showing the probability density of observing an
event with a certain time constant. Insets show the Gaussian kernel density estimates used for extracting Z and 7. (e) 7, and T as a function
of Vig. (f) The relative energetic location of the defect with respect to the Fermi level in the semiconducting channel, ie., E;—Ey as a
function of V¢ (g) T and T as a function of Vj; at temperatures of 15, 50, and 100 K.

translate into two delta distributions centered at the two
current values. However, at a finite temperature, such
distributions are always broadened into Gaussian distributions.
With increasing temperature, the involvement of an increased
number of defect states leads to broadening of the Gaussian
distributions and introduction of additional distributions.
Finally, at higher temperatures, e.g, for T > 200 K, the analog
and random fluctuations in Ipg convert the histogram plots into
one unified Gaussian distribution. While the PSD and
histogram plots are useful techniques, these are less effective
in reducing the complexity of the RTS waveform, which is a
major obstacle in understanding the defect dynamics in
nanoscale devices.

To overcome the aforementioned challenge, Nagumo et a
have outlined the use of a time lag plot (TLP). A TLP involves
the plotting of time-domain Ijg data in an x—y plane, where
the x-values represent the i and the y-values represent the i
+1" time series data for Ips. Figure 2e shows the TLP

1.48
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corresponding to the Ipg shown in Figure 2b. Supplementary
Figure S shows the TLPs obtained for the I traces shown in
Figure 2. In a TLP, the points along the diagonal represent
different current values, whereas the points outside the
diagonals represent state transitions. When RTS is present,
multiple discrete clusters appear, as seen in the TLP
corresponding to the Ipg measured at T < 200 K. In strictly
two-level state transition dynamics corresponding to a single
defect, one would expect a rectangular TLP with only the four
corner points. However, at any finite temperature the discrete
current points transform into clusters and the transition points
get distributed along the sides of the rectangular frame. As the
temperature increases, the clusters start to spread more and
eventually coalesce into a single diagonal line, as seen from the
TLPs corresponding to the Ipg measured at T > 200 K
Furthermore, TLPs also offer insight into how long the system
spends on one of the two states as well as how often state
transitions take place. In other words, they provide a visual
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Figure 4. Modeling the temperature and gate-bias dependence to extract vibronic defect properties. (a) Configuration coordinate diagram
for the transition of the defect configuration between the charged and the uncharged states. (b) Band diagram for Al,0, and Mo$S, showing
the energetic alignment of the trap level E;, which is shifted by the applied gate bias at a gate contact to the left of the diagram. Modeled
time constants as a function of temperature for different gate biases of (c) Vz; = 0.5V, (d) 0.75V, (e) 1V, and (f) 1.25 V. For a relaxation
energy of E,,;,. = 0.31 eV and a configuration coordinate distance of AQ = 2.03 A./u, the root-mean-square error amounts to 0.15 s. (g) The
shift E; of the charged state ¢ as a function of the gate bias corresponds to a distance of 1.1 nm for the charge trap from the interface.

representation of the carrier capture and emission by the defect
states.

A central drawback of the histogram and TLP methods is
their reliance on absolute values of the signal for obtaining
defect states. For example, a small drift of the drain current
level over time can easily obfuscate defect states with smaller
step heights, reducing the overall number of detected defects.
Furthermore, both methods require a relatively high signal-to-
noise ratio to work.”” To overcome these difficulties, edge
detection algorithms can be used to obtain the positions and
amplitudes of the discrete steps in the RTS. In this work, we
use the Canny edge detection algorithm to detect step edges
based on a Gaussian derivative as a filter function.””

Gate-Bias-Dependent RTS for Extracting the Physical
Location of Defects. Further insights into the defect
dynamics can be obtained by studying the effect of Vi on

14454

the RTS. Figure 3a shows the RTS traces obtained for Vy; =
0.5, 1, and 1.5 V at T = 15 K, and Figure 3b shows the
corresponding TLPs. While the TLPs mostly exhibit two major
clusters along the diagonals, for some Vjp; values a metastable
state is observed in the TLPs. However, for ease of analysis, we
will ignore these metastable states and consider the dynamics
to be primarily dominated by two states. This will allow us to
extract the average capture and emission time constants, i.e., T
and 7, which in turn will offer insights into the energetic
location of the defect state. The two states in the TLP are
denoted by clusters representing the lower and higher current
values and the time spent in these two states is referred to as
the capture and emission time, ie., 7, and 7, respectively.
These times are evaluated as the difference between two
subsequent step edges, detected with the Canny algorithm, as
shown in Figure 3a; their respective distributions are shown in
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Figure 3c,d as probability density functions (PDFs) of the
exponentially distributed 7, and 7, on a logarithmic scale. Based
on the Gaussian fits to the PDFs, 7. and 7, can be extracted.
Figure 3e shows 7, and 7, as a function of V. It is known that
the ratio of 7 and 7, reflects the energetic location of the defect
states with respect to the Fermi level (E;) in the semi-
conducting channel following eq 1

Er - EF]
kT

Y [

=e
& (1)
where Er is the energy level of the trap and k is the Boltzmann
constant. Figure 3f shows E;—E; as a function of Vy:. Note
that, with increasing Vg, 7, is mostly constant while 7,
decreases. This implies that at a lower Vi, e.g., at 0.5 V, the
defect state is mostly empty for 7, > 7,, whereas at higher Vg,
e.g, at 2V, the defect state is mostly occupied as the emission
time is longer than the capture time (z, > 7). Finally, from the
slope of Figure 3f, we can determine the physical location (1)
of the defect with respect to the thickness of the oxide (%,,)
using eq 2.

A _k_len(?c/T—ﬂ)

tox q a‘/BG (2)

We found that 4 is ~1.2 nm from the interface.

As a next step, we have applied the Canny algorithm and the
formalism to extract the capture and emission time constants
as described above to analyze the time constants as a function
of the gate bias and the temperature, as shown in Figure 3g.
During the analysis, we found that for increasing temperatures,
e.g, 100 K and above, the time constants of the observed
defect become increasingly fast, faster than the sampling time
of 7, = 4 ms. For extracting time constants to a high degree of
certainty, they must be slower than about 10 times the
sampling time, as shown in Figure 3g.

Modeling RTS for Extracting the Vibronic Defect
Properties. To learn more about the atomic nature of the
defect, we model the temperature and bias dependence of the
capture and emission time constants using the NMP
model.***” When an electron is exchanged between a charge
reservoir, such as the conduction band of MoS,, and a local
point defect in the vicinity, this charge transfer is accompanied
by local deformations and relaxations of the defect sites.
Hence, to accurately model RTS, electron—phonon coupling
must be described with consideration for the movement of
both electrons and nuclei. The atomic movements are
represented within diabatic potential energy curves (ie.,
crossing potential energy surfaces at a fixed charge state)
along the reaction path of the charge transfer reaction. Such a
configuration coordinate diagram for an oxide defect is shown
in Figure 4a. The transition takes place between state a, where
the defect has captured an electron, and state 3, where there is
no electron at the defect site. Both equilibrium states of the
defect are approximated using a parabola. If a potential is
applied to the gate, the potential shift of the parabola
describing state « is given by the potential shift of the trap
level within the oxide, as shown in Figure 4b and described by
eq3

dEr _ ﬂ[l d_WJ

v, ¢ dv,

ox

gA

tox 3)

~
~

with the surface potential s, an expression that is equivalent to
eq 2 under the assumption of a constant surface potential in
accumulation.

In the following, we evaluate this expression by modeling the
temperature dependence of the capture and emission time
constants for varying gate biases in a fully quantum mechanical
NMP model. The background, assumptions, and derivation of
this model are described in more detail in the Methods section.
The NMP transition rates are the inverse of the experimentally
determined capture and emission time constants (ke = 1/7¢ =
k;) and are given by

_ LSF
kij - Ai'}fij ’
s
sz f= a;/e(Z/} |<7]i;(l|7]j7/}>|2 5(Eiﬂ a Ej’/j)>)
_ 2z 2
4, = 2 (®JH, D) “)

with the electronic wave functions @, @, and the vibrational
states 17,4, 7,5 describing the nuclei configurations, the
electronic matrix element A; determined by the electronic
Hamiltonian H,;, and the line-shape function f{]‘-SF governing the
vibrational interactions. A; can, in good approximation, be
evaluated by the tunneling factor for the electron from the
delocalized state at the band edge to the defect site within the
Wentzel—Kramers—Brillouin (WKB) approximation. As such,
A; is temperature independent. Hence, when studying the
temperature dependence of the charge capture and emission
processes, the line shape function needs to be evaluated. The
vibrational wave functions of the two involved defect
configurations can overlap not only at but also below the
intersection point of the two parabolas, as shown in Figure 4a.
These overlaps allow the system to transition at an effectively
lower barrier, a phenomenon that is termed “nuclear
tunneling”.*”>" To model the charge transfer rates at cryogenic
temperatures, the line shape function as given in eq 4 is
evaluated for the two harmonic defect states, as governed by
the properties of the two parabolas in Figure 4a. First, they
depend on the shift of the parabola of charged state E; as a
function of gate bias Vpg. Second, the cryogenic line shape
function depends on the distance of the two parabolas and
hence on the difference in the configuration coordinate AQ.
Third, the transition rates depend on the shape of the
parabolas, which is determined by the relaxation energy E, ;. =
c(AQ)? where c, is the curvature of the parabola describing
state @. The temperature dependence of the time constants in
Figure 3g is modeled with three parameters, E, AQ, and E, .
Out of these, Er depends on the gate bias; hence, we can fit the
temperature dependence for varying Vi values with the same
values for AQ and E,,,, in Figure 4c—f with a small root mean
squared error of 0.15 s. Another parameter set can be used to
model the temperature dependence of the time constants to
the same degree of accuracy, as shown in Supplementary
Figure 6. Hence, these two parameter sets determine
boundaries for the possible ranges of the parameter values.
Based on the slope of the trap level shift E; as a function of the
applied gate voltage AVp; shown in Figure 4g, according to eq
3, the interface distance can be estimated to be within the
range of 1.1 and 1.2 nm. The trap level of the active defect was
determined to be about 0.01 eV above the conduction band
edge of MoS,, which is about 3.9 eV above the valence band
edge of Al,O;. All the vibrational and electronic properties of
the observed defects causing RTS are summarized in Table 1.
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Table 1. Defect Parameters of the Charge Trap Causing the
RTS Signal”

defect parameter lower limit upper limit
relaxation energy E, 0.3 eV 1eV
configuration coordinate distance AQ 2Avu 24 Ayu
trap level E; above Al,O3 Eyp 39 eV 4 eV
interface distance d 1.1 nm 1.2 nm

“Parameters were extracted based on the modeled line shape function
describing the low-temperature vibrational response of the charge
transfer.

First, the distance of more than 1 nm from the interface
shows that it is likely an oxide defect within the Al,O; gate
oxide which causes the observed RTS. The extracted defect
level E; is within a range that corresponds to the defect levels
of an oxygen vacancy or an aluminum interstitial.”> The
vibronic properties, on the other hand (i.e., the small dQ),
show that the charge transfer is dominated by nuclear
tunneling, leading to the observed temperature independence
at low temperatures. In non-glass-forming oxides like Al,O; or
HfO,, the relaxation energies of point defects are typically on
the order of about 1 eV,””* further confirming the hypothesis
of an oxygen vacancy or Al interstitial in the ALD-deposited
Al,O; causing the RTS.

Observation of Giant and Anomalous RTS. Giant RTS
have been reported in the past for scaled Si FETs as well as
carbon nanotube (CNT) FETs. Campbell et al>* have
observed giant RTS in the subthreshold operation regime of
a scaled n-type Si FET. Their RTS trace revealed —2 Albs 5 25%,

DS
where Al corresponds to the difference between the two

discrete current levels. Similarly, Asenov et al.”> have reported
% of ~60% in sub-100 nm Si FETs with dopant atoms.
DS
Fantini et al.>® have investigated the RTS as a function of
carrier concentration. Their study revealed that the measured
RTS had an amplitude that was an order of magnitude higher
than that predicted by the classical theory of carrier number
and correlated mobility fluctuations. Beyond Si FETSs, Liu et

al.>” observed giant RTS in ultrascaled CNT FET's with % as

DS
high as 60%. Figure 5a shows the giant RTS obtained from our
relatively large-area monolayer MoS, FETs measured at T = 15
Kata Vp;=15V. The =2 Ahs yas found to be ~80%. Figure 5b

DS
shows the corresponding TLP indicating the two discrete

Alpg

current levels. Figure Sc shows as a function of V.

IDS
Clearly, the RTS strength diminishes as the device is biased
from the subthreshold into the on-state.

In general, it should be noted that the observation of an RTS
signal in these large area devices is unusual, even more so in
large step heights. For typical defect densities of 8 X 10" cm™
there should be as many as 20,000 defects within the device
area of 2.5 um® This approximate number is considerably
above the single-defect limit of around 100 defects where one
would expect to see charge capture and emission by single
defects as RTS for specific bias and temperature conditions;
see Figure 5d. The observation of single defect charge capture
and emission is a strong indication that the channel is
narrowed considerably at a certain point because of local
defects, thereby reducing the effective active area of the MoS,
FETs. In addition, the observed step heights of the RT'S signals
are much larger than what would be expected for devices with
an area of 2.5 um’. In general, the step heights scale
proportionally to the area of the FETs,>® i, in a narrower
and shorter channel, one defect has a larger impact on the
electrostatics and the current flow. Hence, the observed large
step heights must be explained by a defect located within the
MoS, FET that is particularly critical for the current
conduction. Based on these considerations, it seems plausible
that the defect observed here is either an O vacancy or an Al
interstitial close to the surface of the Al,O; layer which is
aligned close to a step edge of bilayer islands on top of the
MOCVD-grown monolayer MoS, film, as the conduction of
current across different layers is much smaller than within the
layer. Moreover, potential contaminants at the interface of the
wet-transferred, MOCVD-grown MoS, and the AL,O; could
also locally confine the current flow in the device. In addition,
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Figure 5. Rich defect dynamics in monolayer MoS, FET. (a) Giant RTS measured at T = 15 K at V = 1.5 V. The

~80%. (b) Corresponding TLP indicating the two discrete current levels. (c)

Alps

DS

was found to be

AIs 2 a function of Vpg- RTS is expected if the number of
Ips

defects within the device falls into the red-shaded area (i.e., the single defect limit), as shown in (d). For the MoS,/Al,0; FETs studied here,
20,000 active defects are expected to be located within the dev1ce area. As the single-defect limit is not reached, an effectively local narrowed
channel region is observed. The border trap densities shown as symbols are taken from the literature: 1,' 2,8 3,27 4,”® 5.>° Anomalous RTS
and corresponding TLPs showing (e) three discrete current levels. The RTS and the corresponding TLP in (e) indicate the involvement of a
metastable state in addition to one regular trap state.
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an oxide defect close to the source contact of the FET would
cause larger step heights, as the charge injection over the
Schottky barrier is a limiting factor in 2D-TMD-based FETs.
All of the above factors could contribute to the effect of current
crowding where the effective width of the FET is much
narrower than the nominal § ym.

Apart from the normal two-state RTS induced by a single
defect having two discrete current levels, a more complex RTS
with multiple states has been observed in our monolayer Mo§S,
FETs. These include RTS with three, four, and five discrete
current levels. These types of RTS fall under the category of
anomalous RTS with varying numbers of metastable states and
have been reported in the literature.””*® Figure Se shows the
RTS traces and corresponding TLPs for three discrete current
levels; Supplementary Figure 7 shows RTS traces for up to six
current levels. Usually, a single trap state causes RTS with two
current levels, whereas n trap states should lead to 2" current
levels in the RTS and 2" clusters in the TLP. The involved
states can be metastable and are linked to each other via either
pure thermal transitions or charge transitions. In the first case,
only a reconfiguration of the defect configuration takes place,
whereas in the charge transition this is accompanied by an
electron capture or emission event.*”°' For example, the RTS
and the corresponding TLP in Figure Se indicate the
involvement of a metastable state in addition to one regular
trap state; hence, when the trap has captured an electron, it can
either stabilize in the metastable state 2 or relax into state 3.
These transitions are modeled within a hidden Markov model
by connecting these three states in a Markov chain.’®
However, the more states that are involved, the more statistics
that are required to extract the average capture and emission
time constants as well as trap properties of all the involved
states. In addition, more visible states in the signal render it
increasingly difficult to distinguish between a defect with
multiple states and two independent active charge traps that
are superimposed in the signal; see also Supplementary Figure
7.

CONCLUSIONS

In conclusion, we have studied the dynamics of single defects
in a large-area-grown monolayer MoS, FET. By changing the
temperature and the gate bias, we can observe diverse RTS and
extract information on the energetics, vibrational properties,
and physical location of the defect. In this way, we observed
nuclear tunneling at low temperatures and could identify
charge trapping at an Al interstitial or O vacancy at about 1.2
nm distance from the interface as a dominant defect candidate.
In addition, the observation of RTS signals and large step
heights in these large-area 2D FETs indicates that oxide traps
in the vicinity of the Schottky barriers at the contacts or close
to step edges in the bilayer islands on top of MOCVD-grown
monolayer MoS, could cause current crowding, thereby
effectively narrowing the channel of the devices and increasing
the step heights. Using detailed characterization and modeling
techniques, we report the observation of RTS in FETs based
on large-area-grown monolayer MoS, with ALD-grown Al,O,
as the gate dielectric. We also discuss various characterization
approaches utilized in this study for RTS analysis including
PSD, TLP, histogram plots, edge detection methods, and
nonradiative multiphonon models. Finally, we discuss several
types of RTS including giant RTS, multistate RTS, and
anomalous RTS indicating rich defect dynamics in monolayer
MoS, FETs.

METHODS

Large-Area Monolayer MoS, Film Growth. Uniform mono-
layer MoS, films are grown on 1 cm® c-plane sapphire substrates
(Cryscore Optoelectronic Ltd., 99.996% purity) using a custom-built
MOCVD system. The MOCVD chamber is equipped with a stainless-
steel bubbler containing 10 g of Mo(CO)4 (99.99% purity, Sigma-
Aldrich), which serves as the Mo precursor source, and a S00 mL H,S
(99.5%, Sigma-Aldrich) lecture bottle, which provides sulfur during
synthesis. Before introducing Mo(CO)4 and H,S, 2 slm of high-purity
argon (Ar) gas is continuously flowed through the chamber and serves
as the main push gas to deliver precursors to the substrate. During
film synthesis, the chamber temperature and pressure are set to 1000
°C and 50 Torr, respectively. Like prior reports, we employ a
multistep growth process comprising nucleation, ripening, and lateral
growth stages to better control the nucleation rate on the sapphire
substrates. Mo(CO)y is injected at flow rates of 1.5 X 107> and 7.5 X
10™* sccm during the nucleation and lateral growth steps, respectively.
H,S flow is maintained at 20 sccm throughout the entire growth
process. Complete monolayer coalescence is achieved after 42 min of
total growth time.

H,S Annealing. H,S annealing is performed ex situ in the same
MOCVD chamber used for MoS, film synthesis. Monolayer MoS,
samples are placed on alumina crucibles (AdValue Tech, >99.6%
purity) located at the center of the hot zone. The furnace is ramped
up to S00 °C (the annealing temperature) at a rate of SO °C/min; 40
sccm of H,S and 2 slm are continuously flowed through the chamber
and serve as the S source and push gas, respectively. The annealing
process is carried out at a pressure of 50 Torr for a total time of 30
min.

Application Substrate Preparation and MoS, Film Transfer.
To fabricate the 2D memtransistors, the MOCVD-grown monolayer
MoS, film first had to be transferred from the sapphire growth
substrate to the application substrate, which consisted of a global
AL O;/Pt/TiN/p**-Si back-gate stack. The TiN and Pt layers were
deposited using reactive sputtering onto the underlying Si to form a
global back-gate electrode. A S0 nm layer of ALO; (&, ~ 10) was
grown on the Pt electrode via atomic layer deposition (ALD) to act as
the back-gate dielectric. Film transfer was performed using a PMMA-
assisted wet transfer process.”*®" First, the as-grown MoS, on the
sapphire substrate was spin-coated with PMMA and baked at 150 °C
for 90 s to ensure good PMMA/MoS, adhesion. The edges of the
spin-coated film were then scratched using a razor blade, and the
substrate was immersed inside a deionized (DI) water bath held at 90
°C for 1 h. Capillary action caused the water to be preferentially
drawn into the substrate/MoS, interface due to the hydrophilic nature
of sapphire and the hydrophobic nature of MoS, and PMMA,
separating the PMMA/MoS, stack from the sapphire substrate. The
separated film was then fished from the water bath using the
application substrate. Subsequently, the substrates were baked at 50
and 70 °C for 10 min each to remove moisture and promote film
adhesion, thus ensuring pristine interfaces, before the PMMA was
removed by immersing the samples in acetone for 12 h followed by a
30 min 2-propanol (IPA) cleaning.

Fabrication of 2D FETs. To define the channel regions of the
MoS, FETs discussed in this work, the application substrates, with
MoS, transferred on top, were spin-coated with PMMA A6 (4000
rpm for 45 s) and baked at 180 °C for 90 s. The resist was then
exposed using electron beam (e-beam) lithography and developed
using a 1:1 mixture of 4-methyl-2-pentanone (MIBK) and IPA(60 s)
followed by pure IPA (45 s). The exposed monolayer MoS, film was
subsequently etched using a sulfur hexafluoride (SFg) reactive ion
etch (RIE) recipe at S °C for 30 s. Next, the samples were rinsed in
acetone and IPA to remove the e-beam resist. To define the source
and drain contacts, samples were then spin-coated with a bilayer resist
consisting of methyl methacrylate (MMA) and A3 PMMA. E-beam
lithography was used to define the source and drain contacts, and
development was performed using the same 1:1 mixture of MIBK and
IPA. E-beam evaporation was used to deposit the contact metals (40/
30 nm Ni/Au). Finally, a lift-off process was performed to remove
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excess resist and metal by immersing the sample in acetone for 1 h
followed by IPA for another 30 min.

Raman and Photoluminescence Spectroscopy. Raman and
PL spectroscopy of the pre- and postirradiated MoS, film was
performed using a Horiba LabRAM HR Evolution confocal Raman
microscope with a 532 nm laser. The power was 34 mW filtered at 5%
to 1.7 mW. The objective magnification was 100X with a numerical
aperture of 0.9, and the grating had a spacing of 1800 gr/mm for
Raman and 300 gr/mm for PL.

Electrical Characterization. Electrical characterization of the
fabricated devices was performed in a Lake Shore CRX-VF probe
station under atmospheric conditions using a Keysight B1500A
parameter analyzer.

NMP Model. The nonradiative multiphonon model accounts for
the electron—phonon coupling which drives the charge transfer
between the atomic defect and the charge reservoir (i.e., conduction
band) by modeling the reaction within diabatic potential energy
curves in a parabolic approximation close to the minima of the
potential energy curves. In a first-order perturbation approach,
Fermi’s golden rule can be applied to calculate the transition rate
for the two states involved, consisting of both electrons, described by
the electronic wave functions @, ®;, and nuclei states represented by
the vibrational states 17;,, 17;

2r
ki(l,j/i = 7 lZ\/Iiot,j/il2 5(Eia - Ej/})) |Mi(l,j/3|2 = (nilaKq)ilqu)j)lr]j’/j)
(2a)

Here, the Hamiltonian H describes the interaction between the
electronic states and the vibrational states, and the transitions occur
where the energies of the states of the initial state E;, and the final
state Ej; are the same. As the electronic states vary only weakly with
the nuclei coordinates, the Franck—Condon principle can be applied
and the transition rate can be reformulated as a product of the
electronic matrix element A; and the line shape function fiLiSF . While
the matrix element describes the likelihood of an electronic transition,
the line shape function contains all vibrational interactions caused by
the lattice reconfigurations at the defect site. For describing these
vibrational interactions, the sum over all modes f weighted by their
respective occupation probabilities according to Boltzmann factors
need to be formed and averaged over all populated initial states a.
The NMP transition rates are the inverse of the experimentally
determined capture and emission time constants (k¢ = 1/7¢ = kij) and
are given by

_ LSF  (LSF _ 2 _
by = Ay, £ = ave gl(ni,alnj’/,)l 3,y — Ep) |,

2= 2
Ay = ST, ) (42

with the electronic wave functions @, @; and the vibrational states
e Mip describing the nuclei configurations. For more information
about the evaluation of these expressions, see refs 46 and 47.
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