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Imaging Fermi-level hysteresis in nanoscale
bubbles of few-layer MoS,

Dohyeon Jeon® !, Haesol Kim® !, Minji Gu® ' & Taekyeong Kim® 1™

The electrical stability and reliability of two-dimensional (2D) crystal-based devices are
mainly determined by charge traps in the device defects. Although nanobubble structures as
defect sources in 2D materials strongly affect the device performance, the local charge-
trapping behaviors in nanobubbles are poorly understood. Here, we report a Fermi-level
hysteresis imaging strategy using Kelvin probe force microscopy to study the origins of
charge trapping in nanobubbles of MoS, on SiO,. We observe that the Fermi-level hysteresis
is larger in nanobubbles than in flat regions and increases with the height in a nanobubble,
in agreement with our oxide trap band model. We also perform the local transfer curve
measurements on the nanobubble structures of MoS, on SiO,, which exhibit enhanced
current-hysteresis windows and reliable programming/erasing operations. Our results pro-
vide fundamental knowledge on the local charge-trapping mechanism in nanobubbles, and
the capability to directly image hysteresis can be powerful tool for the development of 2D
material-based memory devices.
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as plausible candidates for the next-generation two-

dimensional (2D) semiconducting materials in novel
1,2

Transition—metal dichalcogenides (TMDCs) have emerged

electronic and optoelectronic applications Among such
materials, MoS, has recently attracted a great deal of attention for
thin-film transistors, photodetectors, light-emitting diodes,
memory devices, and sensors of various types, due to its high on/
off ratio, tunable band gaps, and excellent photoelectric
properties>©. Charge traps, which are common in MoS, FETs
with SiO, gate dielectrics and which mostly originate from
adsorbates on MoS, or SiO,, defects in MoS, or at the MoS,/SiO,
interface, and from the insulator material itself, have a con-
siderable effect on the device characteristics”"!1. For example,
defects from sulfur (S) vacancies in MoS, and oxide dangling
bonds at the MoS,/SiO, interface can degrade the mobility and
affect the subthreshold swing (SS) of devices due to the fast
charge exchange between the defects and channel”-12, Oxide traps
known as border traps are located in the SiO, within a few
nanometers from the interface and exchange charges with the
MoS, channel through a tunneling process!2-1>. These oxide
traps, which have widely distributed time constants depending on
their distance from the interface, cause threshold voltage (Vi)
instability issues such as flicker (1/f) noise, hysteresis, and a
slowly recoverable Vi, under gate bias stress”>1%. In particular,
hysteresis, one of the most common phenomena, involves a Vi,
shift under gate voltage (V) sweeping in MoS,/SiO, FETs and
depends on the energetic alignment of the active oxide traps with
the Fermi-level (Eg) of MoS,!7:18. It is widely accepted that charge
redistributions such as charging and discharging in the acceptor-
type defect band of the oxide trap during the Vg sweep process
are responsible for the hysteresis in M0S,/SiO, FETs!9-20,

Many researchers have recently studied the nature of traps and
their charge-trapping mechanisms through the hysteric behavior
in the gate-transfer characteristics of MoS,/SiO, FETs and have
made efforts to improve device stability and reliability levels by
minimizing the hysteresis?!22. However, the observed hysteresis
stems from the average response of a large number of charge
traps in MoS,-based devices, which makes it difficult to under-
stand the fundamental properties of individual or local charge
traps. Accordingly, probing the hysteresis at the nanoscale spatial
resolution is crucial for a complete understanding of the micro-
scopic trap properties and to improve the performance of MoS,-
based devices with inhomogeneous and local charge traps?3.

On the other hand, the formation of inhomogeneous nano-
bubbles is inevitable between the MoS, and the target substrate
during the mechanical exfoliation process of MoS, onto the
substrate. Adsorbed ambient molecules such as liquid water and
hydrocarbons become trapped in nanobubbles owing to the van
der Waals (vdW) attraction force between the MoS, and the
substrate?*-27. Consequently, the MoS,-based device perfor-
mance and properties are largely affected by nanobubbles filled
with these contaminants. While the nanobubbles usually cause
significant degrees of charge inhomogeneity, suppressed carrier
mobility, and hysteresis as detrimental to a device, it has been
recently reported that liquid water (H,O) molecules trapped in
nanobubbles enhance the charge carrier tunneling through the
hexagonal boron nitride (hBN) of the insulating layers from MoS,
to multilayer graphene (MLG), giving rise to positive effects on
the floating gate memory device performance?8. The nanobubbles
and the contaminants trapped inside act as local sources of charge
trapping and affect the characteristics of MoS,-based devices in a
variety of ways; however, the origins and mechanisms of the
charge trapping occurring in nanobubbles are still not fully
understood, especially on the nanoscale.

Herein, we realize a spatially resolved Eg-hysteresis imaging
strategy to study localized trap sources in nanobubbles of

few-layer MoS, on Si/SiO,. Using Kelvin probe force microscopy
(KPFM), we record the Eg-hysteresis curve of MoS, by fixing a
conductive tip at a desired location and measuring the Eg shift
while sweeping Vg, which tunes the occupation of the oxide trap
by moving the trap levels across the MoS, Er. The Eg-hysteresis
image is obtained by collecting the Ep-hysteresis curve at each tip
point in the scan. The measured Egp-hysteresis is larger in a
nanobubble than in a flat region because band bending in the
dielectric layer due to the trapped H,O molecules in the nano-
bubble is added to the oxide trap band bending downward at
positive Vg, leading to an increase in the number of occupied
oxide traps below the MoS, Er. The nonlinear increase of Eg-
hysteresis with the height in a nanobubble is well described by the
oxide trap band model with different thicknesses of the H,O
dielectric layers. The energy-distributed trap densities are
extracted from the measured Eg-hysteresis curves of the nano-
bubble and are found also to be consistent with the calculation
results based on the oxide trap band model with different
thicknesses of the H,O dielectric layers. Moreover, we perform
local gate-transfer measurements using conductive atomic force
microscopy (C-AFM), where the enlarged memory windows and
stable endurance properties with programming/erasing pulses are
achieved in nanobubbles. Our capability to image of Ep-hysteresis
should be a significant breakthrough in the fundamental study of
localized charge traps and future applications of memory devices
based on atomically thin 2D materials.

Results and discussion

Eg-hysteresis imaging on the nanobubbles in MoS,. Figure la
shows a schematic diagram of the imaging of Eg-hysteresis of a
few-layer MoS, on a SiO,/Si substrate. KPFM is employed to
measure the contact potential difference (Vcpp) between the
KPFM tip and the surface of the MoS, in a dry nitrogen (N,)
environment at room temperature. In general, Vcpp between the
KPFM tip and MoS, is defined as eV cpp = Wy, — Wy, » where
Wi, and Wy denote the work functions of the KPFM tip and
MoS,, respectively?®. Vi applied to the highly doped Si (p++)
substrate controls the carrier density and Ep of the MoS, while
also modulating Wy, . KPFM probes the change of the Vcpp

(Vg) as determined by the Vg-modulated Wos, which corre-

sponds to the Er variation under the Vg sweep. In this sense, the
Ep-hysteresis curve can be obtained from Vcpp(Vg) spectrum
measurements in the few-layer MoS, on a SiO,/Si substrate
during the Vg sweep. To image the Ep-hysteresis of the MoS, on
SiO,/Si, the tip is fixed at a specific location and the Eg-hysteresis
curve at each point is measured while the sweeping V. The
spatial map of the Ep-hysteresis is recorded as the sample is
raster-scanned (see the “Methods” section for details).

Figure 1b shows a topography image of a few-layer MoS, flake
prepared by mechanical exfoliation on a Si substrate covered with
300-nm-thick SiO,. The thickness of MoS, is 2.2 nm which
corresponds to three layers, as confirmed by the topography
image and Raman spectroscopy (see Supplementary Fig. 1).
Nanobubbles with heights of ~2-10nm and flat regions are
observed in the topography image. The vdW attraction force
between MoS, and SiO,/Si substrate squeezes out the trapped
contaminants to the nanobubbles during the transfer of MoS,,
leaving the nanobubbles and the atomically flat regions free of
contaminants in the topography image.

Figure 1c contrasts the Egp-hysteresis curves measured on a flat
region (red) and a nanobubble with a height of ~8 nm (blue) of
few-layer MoS, on a SiO,/Si substrate when Vg is swept from
—35to 10 V (forward) and back to —35V (backward) at a sweep
rate of 0.16 Hz. After acquiring each Egp-hysteresis curve, Vg is set
to —35V for a few seconds to ensure that the MoS, recovers fully
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Fig. 1 Eg-hysteresis imaging of few-layered MoS, on a SiO,/Si substrate. a Schematic diagram of Eg-hysteresis imaging via KPFM with external Vg

sweeps. b AFM topography image; the Inset is the height profile of a nanobubble. ¢ Eg-hysteresis curves measured on a flat (red) and a nanobubble (blue)
region with a peak height of 8 nm. The Eg-hysteresis width (AV) taken at Er = 0.65 eV is larger for a nanobubble than for a flat region, as indicated by the
horizontal arrows. d A spatially resolved AV image obtained via 20 x 20 grid Eg-hysteresis curves on the same topography image region in (b). A clear
difference is observed between the flat and the nanobubble regions. Vg is swept from —35 to 10 V and back to —35V at a sweep rate of 0.16 Hz for the

Er-hysteresis curve in each pixel. All scale bars are 0.3 pm.

from the previous Vg stress. The unscreened electric field from
the back gate in the bare SiO, region can affect Vpp due to the
long-range electrostatic interaction between the conducting
cantilever and the back gate during the Vg sweep process.
Because the surface potential of an Au metal electrode is not
affected by Vg due to the high density of states near the Fermi
energy of Au metal, the background signal measured on the Au
electrode is used to separate the unscreened signals from the
Vepp of MoS, on the SiO,/Si substrate0-32 (see Supplementary
Fig. 2). We extract the Eg-hysteresis width (AV), referring to the
Vi shift during the Vg sweep, at a certain Er corresponding to
Vin, which is defined as the voltage with the highest curvature of
Ep-hysteresis in a forward sweep, as shown by the horizontal
arrows33. The measured AV is 13V for a nanobubble and 5.5V
for a flat region, measured at an Eg level of 0.65 eV for both the
nanobubble and the flat regions. Note that the Er linearly follows
VG under —30V in a backward sweep for both the nanobubble
and the flat regions, possibly due to the reduced electron carriers
and unscreened Vg in the depleted M0S,343°. The Ej saturation
in the Eg-hysteresis curves, which implies Er pinning near the
conduction band edge (Ec), is attributed to the high concentra-
tion of electrons owing to the injection from a ground electrode
and the amount of S vacancies of MoS,19-3¢.

Figure 1d shows the spatially resolved AV map, that is, the
Ep-hysteresis image taken at an Eg of 0.65 eV over the same area
shown in Fig. 1b. The larger AV in the nanobubbles compared to
the flat regions are clearly resolved in the Ep-hysteresis image.
These results imply that nanobubbles with trapped contaminants
act as charge-trapping/detrapping spots to cause enlarged
Eg-hysteresis in nanobubbles of few-layer MoS, on a SiO,/Si
substrate.

Charge trap sources causing the hysteresis. Various trap sources
to induce the hysteresis have been suggested in the MoS,-based
FET devices on SiO,/Si substrates, and these remain a topic of
debate?’. One of the trap sources could be adsorbates such as
moisture (H,O) and oxygen (O,) molecules on the MoS, surface,
exchanging charges with the MoS, channel and, leading to hys-
teresis in MoS, FETs838, However, H,O and O, molecules adsorb
uniformly on the entire MoS, surface rather than only on the
nanobubbles. Furthermore, we annealed the MoS, sample at
300°C for one hour before the measurements and obtain
Ep-hysteresis imaging during the Vi sweeps in dry N, condition
(see the “Methods” section), most likely removing most of the
surface adsorbates on the MoS,. Thus, we exclude the surface
adsorbates from the charge-trap sources that cause the enlarged
Ep-hysteresis in the nanobubbles. The other trap sources could be
defects from S vacancies in MoS, and/or oxide dangling bonds at
the MoS,/SiO, interface3%40, However, it has been reported that
these defects exchange charges with the MoS, channel very
rapidly, degrading the mobility due to the scattering at the defects
and affecting the subthreshold swing (SS), rather than
causing hysteresis in MoS, FETs”»121741 Furthermore, because
the interface trap levels from these defects are distributed
inside the band gap, there are no charge-trapping events at these
interface states above Vg, where E is pinned to Ec!%. Thus, the
charge-trapping process in the interface states would not explain
the maximum positive Vg (Vg max)-dependence observed in our
Ep-hysteresis which increases with Vg .y, even after Eg is pinned
to the Ec for both flat and nanobubble regions (see below and
Supplementary Fig. 3). For this reason, we conclude that the
interface traps resulting from these defects are not the main
source of the Eg-hysteresis in nanobubbles of MoS,. Another trap
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source candidate that may cause hysteresis in MoS, FETSs is SiO,-
bound H,O molecules between the MoS, and SiO, substrate?2:43,
The vdW interaction between MoS, and the substrate during the
exfoliation process squeezes out the H,O and hydrocarbon
molecules into the nanobubbles and leaves flat regions free of
contaminants?4-26. This suggests that the silanol (Si-OH) groups
on the SiO, surface in the nanobubble regions as compared with
those in the flat regions can be more frequently exposed to the
trapped H,O molecules. The silanol groups, which form hydro-
gen bonds with the trapped H,0 molecules in nanobubbles, could
be the source of the charge traps and may partially contribute to
the enlarged Eg-hysteresis in nanobubbles (Supplementary
Note 1)40:4244 However, because only the bottom layer of H,O
molecules trapped in the nanobubbles can bind to silanol groups
on the SiO, surface and create a trap sites*, the contribution
from these traps to the Eg-hysteresis in a nanobubble should be
constant regardless of the height of a nanobubble, which is not
consistent with our experimental results of height-dependent Eg-
hysteresis in a nanobubble, as shown below. Therefore, we do not
consider SiO,-bound H,O molecules as the main trap sources for
the larger Eg-hysteresis in the nanobubbles.

To check whether trapped H,O molecules cause the enlarged
Ep-hysteresis in nanobubbles, we performed Eg-hysteresis ima-
ging of MoS, on hBN as an insulating layer instead of SiO, but
found no noticeable difference in the Ep-hysteresis between the
flat and nanobubble regions (see Supplementary Figs. 4, 5). These
control experiments confirm that we can rule out the trapped
H,O molecules themselves and the induced strains in the
nanobubble structure from the sources of charge traps for the
enlarged Ep-hysteresis observed in the nanobubbles of MoS, on
Si0,/Si.

In other to elucidate the origin of the enlarged Eg-hysteresis in
nanobubbles, we calculate the energy band diagrams of MoS, on a
Si0,/Si substrate under various Vg conditions based on self-
consistently solved Poisson and Schrodinger equations (Supple-
mentary Note 2).

Energy band diagrams with oxide trap band. Figure 2a shows
the energy band diagrams of the cross-section of the flat (left) and
the nanobubble (right) structures. The oxide traps are energeti-
cally localized within the band of the SiO, insulator, as indicated
by the open circles. We have two oxide trap bands with a simple
Gaussian shape depending on the energy®’, located at E = 2.75 eV
and at E =4.56 eV below the SiO, E, as reported in the literature
based on conventional Si technologies!217:18, The lower oxide
trap band is located near the MoS, valence band edge (Ey) and
does not have a considerable impact on the hysteresis in MoS,
FETs because the Er of MoS, shifts in the upper half of the band
gap during the V; sweeps process!?. Therefore, we only consider
the upper oxide trap band for the charge trapping and Eg-hys-
teresis. The upper oxide trap band is assumed to be an acceptor-
type trap that is negatively charged below the Ep and neutral
above the Eg of MoS,”. Given that the oxide traps exchange the
charge with the MoS, channel through the tunneling process,
these traps should be located within a few nanometers from the
MoS,/SiO, interface’”-l”. We use do, =2nm as the maximum
distance of the active oxide traps from the interfacel7-1°. It is well
known that H,O and hydrocarbon molecules are trapped in
nanobubbles that form inevitably during the MoS, stacking
process. We simply assume that 100% of the H,O or hydrocarbon
molecules are trapped in the nanobubble?8, leading to an addi-
tional dielectric layer between the MoS, and SiO, in the energy
bands of the nanobubble. A 4-nm-thick of H,O layer is used for
the band diagram of the nanobubble as an example. The para-
meters for the band gap and electron affinity of MoS,, SiO,, and

the H,O layer are shown in Supplementary Table 1. The charge
trapping of the flat and nanobubble regions is determined by the
energetic alignment of the oxide trap bands relative to the MoS,
band edges during the Vi sweep process, leading to Eg-hysteresis.
For Vg=—35V, most of the oxide traps are above the Ep of
MoS, and become neutral for the flat and nanobubble regions.
For Vg =10V, the Er of MoS, shifts such that is close to the Ec
and the oxide trap bands are bent downward, resulting in charge
trapping and occupation in the oxide traps. The number of
negatively charged oxide traps below Ep at Vg =10V is higher
for the nanobubble than for the flat region owing to the addi-
tional band bending in the H,O dielectric layer*®-4°, which is
responsible for the enlarged Ep-hysteresis in nanobubbles. The
increased charge exchange between the oxide traps and the MoS,
channel owing to the H,O molecules trapped in the nanobubble
is also consistent with recent studies which found that H,O
molecules trapped in bubbles enhance the charge carrier tun-
neling through hBN from MoS, to MLG and increase the storage
capacities of memory devices28,

Figure 2b shows the energy-level shifts of the upper band of the
oxide trap at do, = 2 nm, denoted by the triangles, as a function of
V for flat (red) and nanobubble (blue) regions. The energy-level
shifts of the upper band of the oxide trap as a function of Vg for
the nanobubble with other thicknesses of H,O layers are shown
in Supplementary Fig. 6. The range of the energy-level shifts
when sweeping Vg from —35 to 10 V is wider for the nanobubble
(~1.6eV) than for the flat region (~0.4 eV), as indicated by the
arrows. This allows a larger number of oxide traps in the
nanobubble to participate in the charge-trapping/detrapping
events during the Vi sweeps, resulting in the enlarged Eg-
hysteresis. In order to investigate the Vg sweep range effect on
charge trapping in the oxide traps, we perform the Vg ax-
dependent Eg-hysteresis measurements. Figure 2c shows the
measured (empty circles) and calculated (solid lines) AV as a
function of Vg .y during the Vi sweep process for the flat (red)
and the nanobubble (blue) regions with a peak height of ~4 nm.
The measured Eg-hysteresis curves and the calculation details for
all VG max values are shown in Supplementary Figs. 3, 7,
respectively. The measured AV increases with Vg .. even after
Ep pinning to Ec at a Vg of —20V for the flat and nanobubble
regions (see Supplementary Fig. 3), in good agreement with the
calculated AVy (lines). It should be noted that the high electron
concentration in MoS, allows Ef to remain pinned to the E¢ once
Ey advances to Ec as Vg increases. Therefore, the charge-trapping
events from the interface traps of which energy levels are inside
the band gap of MoS; no longer occur after Ep pinning as Vg
increases, as reported previously!®. However, charge-trapping
events in oxide traps can increase even after Er pinning owing to
the downward band bending of the oxide traps, which describes
well our AV results for the flat (red) and the nanobubble (blue)
regions in Fig. 2c1217:19:50,

Height-dependent Eg-hysteresis observed in nanobubbles.
Based on this understanding of the energy band diagrams with
the oxide traps, we will characterize quantitatively the depen-
dence of Eg-hysteresis on the height of a nanobubble. Figure 3a
shows a high-resolution image of Eg-hysteresis, that is, a AV
image of a single nanobubble, where AV is measured at an Eg of
0.65 V. The inset is the corresponding topography image of the
nanobubble, showing a peak height of 8.5 nm. We observe a non-
uniform AV by obtaining spatially resolved Eg-hysteresis curves
of the nanobubble, where the maximum AV occurs at its apex.
Figure 3b exhibits four distinct Eg-hysteresis curves measured on
flat and nanobubble regions with different heights of 1.8, 4, and
6.7 nm of the nanobubble, as denoted by the circles in Fig. 3a.
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Fig. 2 Energy band diagrams, energy-level shifts, and AV variations for a flat and a nanobubble region under various Vg conditions. a Energy band
diagrams of the cross-sections of a flat (left) and a nanobubble (right) region with a H,O dielectric layer of 4 nm, and oxide trap level alignments when
Vg =—35, =5, and 10 V. b Energy-level shifts of the upper band of oxide trap at do, =2 nm for a flat (red) and a nanobubble (blue) region, as indicated by
the arrows. ¢ Experimentally measured (circles) and calculated (solid curves) AV as a function of the positive maximum gate voltage (Vg max) under Vg
sweeps for flat (red) and nanobubble (blue) regions. These outcomes are in good agreement, and the values increase even after Er is pinned near Ec at

VG,max =2V, as shown in Supplementary Fig. 7.

This figure clearly shows that the regions with higher heights
correspond to larger AV values in the Eg-hysteresis image and
curves of the nanobubble.

In order to explain the height-dependent Eg-hysteresis of a
nanobubble, we utilize the thickness variation of the H,O layers
in the energy band diagrams based on the background, as
discussed in Fig. 2a. Figure 3¢ shows the energy band diagrams at
VG =10V when the thickness of the H,O layer 1 nm (left) and
4.5 nm (right) thicknesses of H,O layers. Here, Er is close to E¢
due to the Er pinning effect for both thicknesses; however, Vg of
10 V causes a larger number of oxide traps below E in the thick
(4.5nm) than in the thin (1nm) H,O layer owing to the
elongated downward band bending in the thick H,O layer. This
leads to a larger number of occupied oxide traps and a larger AV
in the thick compared to the thin H,O layer in a nanobubble. To
observe the height-dependent behavior of Ep-hysteresis in a single
nanobubble, we plot AV as a function of the height of a
nanobubble in Fig. 3d. The circles are experimental results
extracted from the Eg-hysteresis and the corresponding topo-
graphy image in Fig. 3a, and the solid line is the calculation
results based on the energy band diagrams with different
thicknesses of H,O layers (see Supplementary Note 3). The
nonlinear dependency of AV on the height is observed in the

nanobubble region for both the calculation and the experimental
results. This is attributed to the nonlinear increase of the oxide
traps below the Er of MoS, at Vg =10V when the thickness of
the H,O layer increases from 1 nm to 8 nm. The calculated AV is
in good agreement with the experimentally measured AV for the
nanobubble, which confirms that our oxide trap band model with
H,O layers suitably describes the height-dependent Eg-hysteresis
observed in nanobubbles.

Energy-distributed trap density extraction. To further confirm
that the Eg-hysteresis in a nanobubble originates from oxide
traps, we extract the energy-distributed trap densities (Dy) from
the measured Egp-hysteresis curves and compare them to the
calculated Dy based on the oxide trap band model. The capacitor
network model (CNM)!>4! is employed to extract Dr from the
experimentally measured Eg-hysteresis curves in the flat and
nanobubble regions. Figure 4a shows an illustration of the CNM
of flat (left) and nanobubble (right) structures, where Cq and Cox
are the quantum capacitance and the SiO, capacitance, respec-
tively. Cr is the capacitance owing to the oxide traps and Cy g is
the capacitance owing to the H,O dielectric layer in the nano-
bubble. Vy denotes the voltage drop in the MoS, channel; that
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Fig. 3 Height dependence of E¢-hysteresis in a nanobubble. a High-resolution AV image (taken at £ = 0.65 eV) of a single nanobubble, where the inset is
an AFM topography image of a nanobubble with a peak height of 8.5 nm. Scale bars, 0.1 pm. b Sample E¢-hysteresis curves from the corresponding points
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0.16 Hz for all of the Eg-hysteresis curve measurements. € Energy band diagram of the nanobubble with 1nm (left) and 4.5 nm (right) H,O dielectric layers
under Vg of 10 V. The number of oxide traps below Ef is larger for the 4.5 nm H,O layer as compared to the 1nm H,O layer, which is attributed to the
elongated band bending in the downward direction at a positive Vg in the 4.5 nm H,O layer, leading to the larger E¢-hysteresis at a higher position in the
nanobubble. d Experimentally measured AV (circles) and calculated AV (line) values as a function of the height of a nanobubble.

is, Vcu = Eg/q. Based on the CNM, Dr is derived as follows:

1 Co [ AV,

)]
q g \dVey

dvg
dVey
mentally measured Eg-hysteresis curve3>36->1.52, Figure 4b shows
the backward Eg-hysteresis curves measured on the flat (red) and
the nanobubble (blue series) regions with different heights of 1.8,
4, and 6.7 nm, as presented in Fig. 3b. The lines in Fig. 4c are the
calculated backward Eg-hysteresis curves based on the oxide trap
band model (see Supplementary Fig. 8 for the calculation details),
indicating excellent agreement with the measured values for flat
and nanobubble regions. Figure 4d shows Dy extracted from the
backward Eg-hysteresis curves on the flat (red circle) and the
nanobubble (blue series circles) regions, as shown in Fig. 3a. A
higher height in the nanobubble shows a larger Dy in most energy
ranges, consistent with the height dependent AV results, ie.,
larger downward band bending and more charge-trapping events
in the thicker H,O layer. The extracted Dr is in the same range of
1012-1083 cm~2eV~! in the oxide trap densities of the SiO,
insulating layer as reported in the literature!>°3>4. Dy increases
with the energy; that is, it increases from the depletion to the
accumulation range and shows a maximum near Ec of MoS, for
both flat and nanobubble regions, in accordance with earlier
results pertaining to energy-distributed border traps in oxide
insulating layers!>>>. The lines in Fig. 4e are the calculated Dy
obtained from the oxide trap band model, which is in good
agreement with the extracted Dy from the experimentally mea-
sured Eg-hysteresis curves for flat and nanobubble regions,
although additional small peaks in the measured cases,

where

is extracted from the backward sweep of the experi-

presumably associated with traps induced by the silanol-group
(Si-OH)-bound H,O molecules in a nanobubble, are present.
These results further confirm that the oxide traps are the origin of
our Eg-hysteresis, and the oxide trap band model is essential to
elucidate the Eg-hysteresis of nanobubble structures.

It should be noted that the CNM does not consider the time
constants of the traps, however, the oxide traps as border traps
have the widely distributed time constants depending on the
distance from the MoS, channel interface”s!7. Therefore,
information about the time constants of the oxide traps is
required to obtain a more accurate Dy from the Eg-hysteresis. The
effects of the time constants on Egp-hysteresis increase for thicker
rather than thin H,O layers in nanobubble structures. For
example, the measured backward Eg-hysteresis curves (blue
series) on thin (1.8nm) and thick (8.2nm) positions in a
nanobubble show different behaviors in a Vg range of about —20
to —35V, where Ep decreases more steeply for thick than for thin
positions, as shown in Fig. 4f. These different behaviors are
presumably attributed to the longer emission time constant (7.)
resulting from the reduced tunneling from oxide traps to the
MoS, channel with the thicker H,O layer. Once Vg approaches
VG max i the forward Vg sweep, all traps below Ef are assumed to
be occupied by electrons; they, start to emit electrons above Ep
into the MoS, channel and become neutral (i.e., unoccupied)
depending on their 7, during the backward Vg sweepl’:.
Because the occupied electrons remain in oxide traps above Ep
owing to the longer 7. for a thicker H,O layer region and can
affect the backward Eg-hysteresis curve during the backward Vg
sweep, the thick H,O region has a larger Er drop than the
thin H,O region for the same negative V. In other to prove the
7 effects on the Ep-hysteresis curves, we calculated backward
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Fig. 4 Comparison of experimentally extracted and calculated D+ in a nanobubble region. a Illustration of the capacitor network model (CNM) for the flat
(left) and nanobubble (right) regions, where Chyo is the capacitance owing to the H,O layer in the nanobubble. Cq and Cox are the quantum capacitance
and the SiO, capacitance, respectively. b Measured backward Eg hysteresis curves on flat (red series) and nanobubble (blue series) regions with different
heights of 1.8, 4, and 6.7 nm. ¢ Calculated backward Eg-hysteresis curves based on the oxide trap band model. d Energy-distributed Dy extracted from the
measured backward Eg-hysteresis curves of flat (red series) and nanobubble regions (blue series) with different heights of 1.8, 4, and 6.7 nm. e Calculated
D+ of flat (red series) and nanobubble regions (blue series) using CNM. f Measured backward Eg-hysteresis curves for nanobubble with heights of 1.8 nm
(left) and 8.2 nm (right). The lines are the calculated backward Eg-hysteresis curves on nanobubble with an H,O layer with thicknesses of 1.8 nm (left) and
8.2 nm (right), where 7, in the range of 10-1-108 s is used for the calculation.

Ep-hysteresis curves (gray series) for nanobubbles with H,O layer
thicknesses of 1.8 nm (left) and 8.2 nm (right) while varying 7., as
shown in Fig. 4f (see Supplementary Fig. 8 for the calculation
details). These results show that a longer . is required to generate
the backward Eg-hysteresis curve measured on the thick (8.2 nm)
H,O layer, whereas a shorter 7. is enough to generate the
backward Ep-hysteresis curve measured on the thin (1.8 nm) H,O
layer. It confirms that a longer 7. induces the larger Ep drop
during a backward Vg sweep on the thick H,O layer in
nanobubble structures, as shown by the measured backward Eg-
hysteresis curves in Fig. 4f.

In the calculation, we use an identical value of 7. for the entire
Vi sweep range; however, the time constants of the oxide traps
show a rather large dependence on Vg. The Vg-dependent
capture and emission time constants can be obtained using the
nonradiative multiphonon (NMP) model'®17, which feasibly
describes charge-trapping events in oxide traps using the
structural relaxation at the trap sites, as the main characteristic
of the model. A full calculation of the Vg-dependent time
constants and the corresponding Dy requires a comprehensive
investigation of the NMP model for oxide traps with various H,O
layer thicknesses, which is, however, beyond the scope of the
present work.

Non-volatile memory device applications based on the nano-
bubble structures. In order to demonstrate the feasibility of a
MoS, nanobubble with a high density of trap states for use in
memory device applications, we acquire the transfer curve mea-
surements on the nanobubble using the conductive atomic force
microscopy (C-AFM) technique (see the “Methods” section).

Figure 5a shows a schematic diagram of the C-AFM for current
(Ips)-hysteresis curve measurements. The metal-coated tip used
here is located at the selected positions of the nanobubble and flat
regions, and the Ins under a fixed source-drain voltage (Vps) is
measured as Vg is swept from —40 to 10 V and back to —40 V.
Figure 5b shows the transfer characteristics, where four Ins-Vg
curves at Vpg =5V are measured consecutively on both the flat
(red) and the nanobubble (blue) regions. The tip is positioned at
the top of the nanobubble which has a peak height of ~10 nm. It
should be noted that the separation between the tip contact
position and the Au electrode is set to be nearly identical for the
flat region and the nanobubble in the Ipg-Vs measurements
because separation-dependent variations of the number of oxide
traps below the channel can affect the Ipg-hysteresis. The out-
come clearly shows that the Ipg-hysteresis is larger for the
nanobubble than for the flat region, consistent with our Eg-hys-
teresis results. This enhanced nonvolatile charge storage cap-
ability mainly results from the increased charge-trapping/
detrapping events in the nanobubble structure of MoS, on the
SiO, insulator. Cyclic endurance tests are conducted during
repeated programming (P)/erasing (E) operations to confirm the
reliability of the nanobubble-based memory devices (see Sup-
plementary Fig. 9 for details). Figure 5c plots Ips measured at
Vps =5V under the read state of Vg=—30V witha V=10V
pulse for 1s as the P state and a Vg = —40 V pulse for 1 s as the E
state on the flat (red) and the nanobubble (blue) positions,
exhibiting the stable and reproducible switching performance
for more than 1000 cycles. To further investigate the stability of
P and E states of the nanobubbles structures, which is crucial for
the nonvolatile memory cells, we perform a memory retention
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Fig. 5 C-AFM measurements for the Ips-hysteresis and the endurance/retention characteristics of a nanobubble structure. a Schematic diagram of
current (Ips)-hysteresis curve measurements on nanobubbles from C-AFM. b Transfer characteristic on a flat region (red) and a nanobubble (blue) as Vg
is swept at a sweep rate of 0.16 Hz, under the applied Vps =5 V. The Ips-hysteresis window is larger for the nanobubble than for the flat region.

¢ Endurance performance tests on a flat region (red) and a nanobubble (blue) for 1000 cycles with the programming (10 V, 1s)/erasing (—40V, 1s) pulse
operations. d Retention performance tests on a flat region (red) and a nanobubble (blue) for 1000 s. The stable P and E states are observed at Vps=5V

even after 1000 s elapse since P (10V, 1s)/E (—40V, 1s) pulses.

test in Fig. 5d. It shows the temporal evolution of Ig measured at
Vps =5V under the read state of Vo= —30V witha Vg=10V
pulse for 1s as the P state and a Vg = —40V pulse for 1 s as the E
state, respectively. The P and E states are distinguishable and
remained stable for 1000 s on the flat (red) and the nanobubble
(blue) positions. It should be noted that the nanobubble retained
a nearly identical shape after the transfer measurements and
endurance/retention tests (see Supplementary Figs. 10, 11), fur-
ther confirming that nanobubble structures can be employed for
nonvolatile memory and data storage applications.

Conclusion

We demonstrated the local mapping of Eg-hysteresis of few-layer
MoS, on a SiO,/Si substrate using KPFM combined with gate
sweep operations and observed that the Ep-hysteresis is larger in a
nanobubble as compared to a flat region and that it increases
nonlinearly with the height of nanobubble. The energy-level
alignment of oxide traps with MoS, Er under gate sweeps causes
hysteresis in the transfer characteristics of the conventional MoS,
FETs, whereas the additional downward bending of the oxide trap
band in conjunction with the band of the H,O dielectric layer at a
positive Vg leads to an increased number of occupied charge
traps below the MoS, Er and enlarged Eg- and Ipg-hysteresis in a
nanobubble. The trap densities extracted from the measured Eg-
hysteresis curves of flat and nanobubble regions are well descri-
bed by the oxide trap band model, which further confirms that
the Egp-hysteresis originates from the oxide traps and our band
bending scenario is essential for local charge tapping/detrapping
in nanobubble structures. The local measurements of the
transfer curves on the nanobubbles, which show the enlarged

Ips-hysteresis window and reliable cyclic endurance, are con-
sistent with our Eg-hysteresis results. Our results provide new
insight into the charge-trapping process in nanobubbles of MoS,
on a SiO,/Si substrate, and the ability to image Eg-hysteresis
represents a significant breakthrough in the fundamental study of
local charge-trapping sources and practical applications of MoS,
based nonvolatile memory devices.

Methods
KPFM and C-AFM measurements. All the KPFM and C-AFM measurements
based on XE-7 (Park Systems Corp.) were operated in a glove box filled with dry
nitrogen at room temperature to avoid unwanted effects caused by O, and H,O
molecules. An NSC36/Cr-Au (Mikro Masch) tip with a nominal resonance fre-
quency of 65kHz and a nominal spring constant of 0.6 N m~! is used for the
KPFM measurements. The AC bias voltage of V. sin(wt) with a 2 V amplitude
and an electrical excitation frequency (w) of 17 kHz is applied to the tip during the
KPFM measurements using an external SR830 lock-in amplifier (Stanford Research
Systems Inc.). Ep-hysteresis imaging is performed in an automated spectroscopic
mapping mode using the XE-7 with a customized program for precise tip posi-
tioning at each spatial location (pixel) of the grid. A data acquisition card (DAQ,
PXI-6221, National Instruments) with a custom-made voltage amplifier (LTC 6090
op-amp (max supply voltage +70 V)) controlled by a custom LabView code FPGA
module (PCle-8361, National Instruments), is employed to apply the external gate
voltages to the sample, also collecting the Vcpp signals from the AFM via a SAM
(Signal Access Module, Park systems) after further filtering the signals with a low-
pass filter (SR650, Stanford Research Systems, Inc.). The external gate voltage
signals from the DAQ are synchronized with the end-of-pixel TTL
(Transistor-Transistor Logic) pulse and applied to each pixel where the tip
approaches the sample surface. During the Eg-hysteresis sweeps on each pixel of
the grid, the tip is within a distance of 10 nm above the sample surface to avoid
topographic artifacts caused by the cantilever amplitude feedback control process.
The tip waits for 3-5 s under Vg = —40 V before moving to the next pixel to ensure
that the MoS, fully recovers from the previous gate bias stress.

An NSC18/Cr-Au (Mikro Masch) tip with a nominal resonance frequency of
75kHz and a nominal spring constant of 2.8 Nm~! is used for the C-AFM
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measurements. The tip is kept grounded and carefully placed on the nanobubbles
with a loading force of 10 nN after contact-mode topography imaging. DC bias
voltage is applied to the MoS, flake via Au thin film for current measurements
using a low noise current amplifier (VECA DLPCA-200, FEMTO).

MoS, sample fabrication. A MoS, flake is exfoliated onto a silicon substrate

coated with a 300-nm-thick thermal oxide layer using a mechanical cleavage

approach reported previously®”. Thin Au metal film with a 30 nm thickness as a
ground electrode is pre-fabricated on a Si substrate and physically transferred onto
one side of the MoS, flake using a polydimethylsiloxane (PDMS) stamp under a
microscope for proper alignment (optical microscopic image in see Supplementary
Fig. 1), allowing us to avoid contamination and defects caused by a conventional
lithography and thermal evaporation processes®®%. After transferring the Au film,
the sample is annealed at 300 °C for 1h in the N, condition before the KPFM and
C-AFM measurements to remove the O, and H,O residue from the MoS, surface.

Data availability

All data used for analysis is made available upon request to the corresponding author.

Code availability
All code used for analyzing the data is made available upon request to the corresponding
author.
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