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ABSTRACT Herein, we quantitatively analyze the evolution of the subgap density of states (DOSs) for
multilayered molybdenum disulfide (m-MoS,) field effect transistors (FETs) with bilayered SiN,/SiOy gate
dielectrics under positive bias stress (PBS) and negative bias stress (NBS) by using optical charge-pumping
capacitance-voltage spectroscopy. To decouple external gas ambient effects on device instability,
hydrophobic fluoropolymers (cyclized transparent optical polymer; CYTOP) are employed for m-MoS, FETs
followed by the evaluation of subgap-DOSs in the devices for the respective PBS (or NBS). Through
extraction of subgap-DOSs and their deconvolution with an analytical model of acceptor (or donor)-like states,
it is shown that the device instability is closely correlated with state transitions of DOSs, corresponding to
shallow (or midgap) levels for monosulfur vacancy (Vs) (or disulfur vacancy (Vs2)). Moreover, after PBS,
the initial states of Vs (0) (or Hs» (0)) transit toward Vs (—1) (or Hs» (—1)) via electron trapping, whereas the
transition toward Vs (0) and Hs, (+1) during NBS is assessed from the initial Vs (—1) and Hs; (0) states.
Furthermore, technology computer-aided design (TCAD) simulation based on the extracted DOSs properly
replicates the measured [-V characteristics of m-MoS, FETs with (and without) CYTOP encapsulation. In
this study, subgap-DOS characterization via optical charge pumping and validation of the quantitative
evolution of subgap-DOSs suggest that this platform can be potentially beneficial for an in-depth
understanding of the origins of device instability for transition metal dichalcogenide (MX,)-based FETs,
where M is a transition metal and X is a chalcogenide.

INDEX TERMS MoS,, field effect transistor, density of state (DOS), bias stress instability, TCAD
simulation

. INTRODUCTION

For the ultimate scaling of Si devices below sub 3 nm, direct
tunneling leakage through the channel from the source to drain
electrode can be problematic, leading to a large increase in
standby power consumption [1-2]. Thus, transition metal
dichalcogenides (TMDCs) with a sizable energy bandgap
beyond graphene have attracted much attention as promising
candidates for next-generation semiconductors. This is
attributed to versatile properties, such as astonishing
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electrostatic gate coupling and a high effective mass of
electrons, leading to less direct tunneling leakage, no dangling
bonds, and genuine optical/chemical properties [3-6]. With
regard to the development of next-generation semiconductors,
device instability is a mandatory issue to be resolved for
practical applications at the circuit and system levels, and
therefore, understanding the origins of device instability
should be a priority [7-8]. Moreover, the reliability issue for
next-generation semiconductors is a key challenge because
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FIG. 1. (a) Fabrication process of m-MoS2 FET with CYTOP passivation. (b) The whole device structures with and without CYTOP passivation. (c)
Height profile for an m-MoS: flake in the channel regime scanned by AFM. Insets show optical microscope images for m-MoS: FETs. A and B in the
inset denote the location of m-MoS: and oxide (SiOz), respectively. The channel width to length (W/L) is 30/10 pym (d) Conceptual plots for
capacitance-voltage measurement captured by optical charge pumping technique.

newly explored materials are not mature enough; therefore,
there is much room for improvement in material properties,
process compatibility with Si technology, and wafer-scaled
scalability, extending toward device- and circuit-level
operation. Amongst the varieties of TMDCs, multilayered
molybdenum disulfide (m-MoS,) is a suitable representative
TMDC due to its easy exfoliation, relatively stable electrical
properties, facile preparation, and abundant form of MoS, as
natural minerals [9-10], leading to tremendous research
activities that encompass various studies: basic transport
mechanisms, device and circuit level demonstration toward
FinFETs and flat panel displays, gas sensors, and emerging
new concept of devices [11-20]. In the recent past, device
performance improvement, understanding of genuine
transport mechanisms in MoS; layers, and their electrical
properties have been highly elucidated, and hence, an in-depth
knowledge has automatically accumulated [20-23]. However,
the improvement in understanding device reliability issues and
their clear identification via novel electrical characterization
methods are not fully quenched, albeit actively researched in
the field of device physics [24-27]. In this sense, identification
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of the subgap density of states (subgap-DOSs) in TMDCs and
their correlation between operating conditions and device
reliability are indispensable to the improvement of electrical
parameters as well as device reliability in MoS; field effect
transistors (FETs), which is a prerequisite for reliable
operation in real applications. Thus, there have been
significant activities to investigate the initial state of material
properties via ab initio calculations and density of state
characterization via optical charge pumping, Terman methods,
and multifrequency C-V characterization [28-30]. However,
there have been limited reports on detailed subgap-DOSs and
their evolution for the corresponding bias stress for MoS,
FETs, and moreover, the origin of subgap-DOSs and their
variation associated with both external gas ambients (e.g., Oz,
H) and internal atomic structure deformation remain elusive
even after tremendous research activity in this field [28-37].
This is possibly due to several hurdles: (i) the inability to
prepare almost identical device ensembles associated with the
absence of a mature, scalable process scheme for the
preparation of active layers, (e.g., MoS; layers) with both high
crystallinity and wafer-scaled substrates, (ii) limited scanning
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FIG. 2. (a) Comparison on initial transfer characteristics of m-MoS: FET without and with CYTOP encapsulation at Vps=0.1 V in log scale. Insets in
Fig. 2(a) shows initial transfer characteristics of m-MoS: FET without and with CYTOP encapsulation at Vps=0.1 V in linear scale. (b) Transfer
characteristics of m-MoS2 FET without CYTOP encapsulation after PBS at Vps=0.1 V in log scale. (c) Transfer characteristics of m-MoS2 FET with
CYTOP encapsulation after PBS at Vps=0.1 V in log scale. (d) Transfer characteristics of m-MoS2 FET without CYTOP encapsulation after NBS and
(e) transfer characteristics of m-MoS2 FET with CYTOP encapsulation after NBS at Vps=0.1 V in log scale. (f) Energy band diagrams to describe the

charge trapping mechanisms of the m-MoS: FETs under PBS and NBS.

range for trap characterization based on conventional trap
characterization methods such as Terman methods for D; [29],
multifrequency method for near conduction bands [30], and
hysteretic gate transfer characteristics for deep level traps [31].
Thus, full-range characterization for subgap-DOSs is typically
prohibited by the method itself and its characterization,
leading to limited reports. However, there was a systematic
report to characterize the full range of subgap-DOSs for m-
MoS, FETs by using the optical charge pumping method,
which has been popularly utilized and studied for the
investigation of the reliability of a-IGZO TFTs with full
maturity up to the commercialization level in AMOLED
panels [38-43]. Interestingly, entire investigations on device
reliability and its evolution on subgap-DOSs, corresponding
to positive (or negative) bias stress (PBS or NBS), are
completely missing, albeit specifically reported for initial
subgap-DOSs for m-MoS, FETs with (or without)
hydrophobic polymer (e.g., CYTOP) encapsulation [28].

On the other hand, there have been systematic reports on
device instability on m-MoS, FETs under DC and pulsed
mode operation, corresponding to positive and negative bias
temperature stresses. Although in-depth studies on device
instability for m-MoS, FETs were recently reported in the
literature [44-45], thermal oxides (SiO;) on heavily
phosphorus-doped Si substrates were used as gate dielectrics
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for all devices, and therefore, device instability studies on m-
MoS; FETs with one of the most popular gate dielectrics, for
example, PECVD-based dielectrics, SiOx (or SiNy) in flat
panel display backplanes, have not been explored.
Furthermore, all analyses in previous reports have not
addressed quantitative trap levels and their trap location in the
energy bandgap of m-MoS, FETs for the corresponding
positive or negative bias stress. Thus, the origin of device
instability and quantitative evolution of subgap-DOSs
according to the bias stress polarity and its time duration have
not been explored for m-MoS; FETs with PECVD oxide gate
dielectrics.

In the present work, we have investigated quantitative
device instability for m-MoS; FETs by monitoring the
evolution of subgap-DOSs via optical charge pumping, which
was reliably well established in a systematic way in terms of
quantitative analysis and TCAD-based validation. With a
comparison of subgap-DOSs for positive and negative stress
for m-MoS, FETs either with CYTOP encapsulation or
without encapsulation, the contribution toward device
instability associated with oxygen or moisture (~OH") and
subgap-DOSs are quantitatively analyzed. All origins and
their device instability issues associated with subgap-DOSs,
identified via the optical charge pumping method, are
qualitatively analyzed, and their evolution for each trap and
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FIG. 3. (a) AVw in m-MoS: FET without and with CYTOP encapsulation after PBS and NBS. (b) AS.S in m-MoS: FET without and with CYTOP
encapsulation after PBS and NBS. (c) Normalized mobility in m-MoS: FET without and with CYTOP encapsulation after PBS and NBS.

device instability corresponding to subgap-DOSs are
thoroughly interpreted in a quantitative mode, in comparison

with conventionally accepted origins of device traps to address:

(i) the effects of conduction band edge, Mo 4d orbital, (ii)
valence band edge via hybridization of Mo 4d orbital and S 3
orbitals, and (iii) midgap states associated with disulfur
vacancy, and (iv) shallow trap states correlated with
monosulfur vacancy [46-48]. The entire analysis can provide
us with insight into the physical origins behind the critical
mechanisms that cause device instability behaviors for the
respective PBS and NBS observed in this work, among the
aforementioned candidates. Moreover, the origins of subgap-
DOSs and their correlation between subgap-DOSs and O»,
OH, and sulfur vacancies are quantitatively analyzed and
discussed. In addition, this study potentially suggests
guidelines on how to improve device instability during
operation and device implementation with a full
understanding of the experimental results and their origins .

Il. EXPERIMENTAL METHOD

A. Field effect transistor fabrication and
characterization

Fig. 1(a) shows the process sequence for the fabrication of m-
MoS; FETs. Indium tin oxide (ITO)-coated glass was used as
a starting substrate, playing the role of a gate electrode,
followed by ITO etching by dipping in ITO etchant solution to
make an island structure. After etching, a gate insulator layer
of SiN,/SiO; (200 nm/50 nm) was deposited by plasma-
enhanced chemical vapor deposition (PECVD) at the substrate
temperature of 350 °C without vacuum breaking, followed by
a gate contact opening. Thereafter, multilayers of MoS, were
mechanically exfoliated from bulk MoS; crystals (SPI
Supplies, 429 ML-AB) and transferred onto ITO glass
substrates using a polydimethylsiloxane (PDMS) elastomer.
Immediate annealing was performed in a mixed gas (~At/H)
at 400 °C for 1 hour to remove organic residues from the MoS>
flakes, which might contaminate them during the transfer
process. Thereafter, a 30 nm thick layer of Au was evaporated
using thermal evaporators, followed by lifting off on a
photolithographically patterned area, forming the source/drain
electrodes. The backside of the m-MoS; FETs was passivated
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by amorphous fluorinated polymer (CYTOP; CTL-809 M,
Asahi Glass Co., Ltd) using a spin coating process, followed
by baking at 150 °C for 1 hour in a glove box with ambient Ar.
Thereafter, dry etching (~O»/CFs) was performed to make
open S/D contact pads for electrical addressing. The front view
of the fabricated device is displayed in Fig. 1(b). Thereafter,
atomic force microscopy (AFM), as shown in Fig. 1(c),
confirmed that the thickness of the m-MoS; was 10 nm, which
is equivalently extracted as 15 layers of MoS,. All electrical
characterizations were measured with a semiconductor
parameter analyzer (Agilent 4284A) in ambient air at room
temperature. Transfer characteristics were obtained at Vps =
0.1 V. The thickness of the MoS, flakes was measured by
atomic force microscopy (AFM, Park system, XE-100).

B. Optical charge-pumping capacitance-voltage
spectroscopy

In this study, for the extraction of subgap-DOSs in m-MoS;
FETs, we utilized well-established optical charge-pumping
capacitance-voltage (C-V) spectroscopy [38-39, 49]. The
technique, as shown in Fig. 1(d), basically uses
monochromatic  photonic  capacitance-voltage (MPCV)
characterization. The capacitance between the bottom gate and
S/D electrodes for m-MoS, FETs was evaluated in the dark
and under light illumination with a laser wavelength (L) of
1065 nm. C-V characteristics were measured by an HP4284A
precision LCR meter at a frequency of 10 kHz under dark and
light illumination with a wavelength of A= 1065 nm to extract
the full range of trap information in subband gaps. For the
identification of subgap-DOSs for multilayered MoS, a laser
source with a wavelength of 1065 nm, which has an energy of
Epn=1.24/1,=1.165 eV, was used. In the present work, a
wavelength of 1065 nm was intentionally selected in
consideration of the energy bandgap of m-MoS; layers
because lasers with wavelengths shorter than 1065 nm have a
higher chance of exciting electrons located in the valence band
toward conduction via band-to-band generation, leading to
overestimation of the density of trapped charges. Moreover,
optical power was selected in this work at a condition of 5 mW
after confirming the saturation behaviors on photoresponse,
which is similar to the method reported in the literature [28].
As shown in Fig. 1(d) middle, the minimum capacitance (Cmuin)
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FIG. 4. Deconvoluted DOSs from the m-MoS: FET without CYTOP encapsulation (a) before and after PBS, (b) before and after NBS, and (c)
overlapped data of Fig. 4(a) and (b). Deconvoluted DOSs from the m-MoS: FET with CYTOP encapsulation (d) before and after PBS, (e) before and
after NBS, and (f) overlapped data of Fig. 4(d) and (e).
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Additionally, an advanced mobility model including phonon

FIG.5. Schematic cartoons to illustrate variable range hoping and scattering, Coulomb scattering, surface roughness, and subgap

multiple trapping and thermal release behaviors in m-MoS: FETs (a) : 3
with and (b) without CYTOP passivation den51ty of state effects was apphed.

is determined by the total overlapping area between the source . RESULTS AND DISCUSSION

and drain electrodes (Cs and Cp) and the gate electrodes. In

addition, a conceptual capacitance-voltage plot, as shown in A. Bias stress instability of m-MoSz FETs

Fig. 1(d) on the right, shows that the capacitance difference  For the evaluation of external gas ambient effects on the
(Cinax-Crmin) between the maximum capacitance (Cmax) and performance of m-MoS; FETs, CYTOP encapsulation was
minimum capacitance (Cmin) yields the capacitance for the employed, and the initial electrical characteristics before
active region of MoS; layers (Cwos2), which can be modulated  epcapsulation of CYTOP were evaluated with the same
by gate-to-source voltage (Vas). These capacitance values can protocols reported in the literature [37]. For a fair comparative
be differentiated before and after light illumination, yielding a study, all electrical characteristics without and with CYTOP
difference in charge carriers in the MoS; channel due to encapsulation were evaluated, and a systematic comparison
optically pumped charge carriers from the inside bandgap of was performed. Fig. 2(a) and its inset show transfer

C-V and subgap-DOSs of m-MoS; FETs before and after bias alog scale and linear scale, respectively. Owing to outstanding
stress can be measured, from which their correlation between encapsulation effects reported in the literature [37, 45, 501,

subgap-DOSs and bias stress instability was investigated. suppression of external ambient gas effects (i.e., H2O and Oy)
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on the back channel region of MoS; flakes leads to noticeable
improvement of electrical properties on subthreshold swing
(S.S) and field effect mobility (ure). As external ambient gases
were identified to cause additional trap sites in MoS: layers
[34-37], encapsulation effects were shown to be closely
related to instability issues. Figs. 2(b) and (c) show that a net
threshold voltage shift (AV) is 2.3 V (or 1.9 V) for m-MoS,
FETs without (or with) CYTOP under positive gate bias stress
of 5 V, respectively, where Vy, is extracted using constant
current at Ips = 10" A. Moreover, Figs. 2(d) and (e) show that
the respective Vi, shift is extracted as —2.6 V (or —1.9 V) for
m-MoS; FETs without (or with) CYTOP encapsulation under
a negative gate bias stress of —5 V. The stress voltage was
applied for approximately an hour considering the overdrive
voltage. The reduced Vg shift value after CYTOP
encapsulation substantiates the decrease in the total number of
trap sites, which might originate from the back channel
interface and defects inside the MoS, layers. Fig. 2(f)
illustrates the bandgap models for charge trapping under bias
stress conditions. Under PBS (or NBS), electrons (or holes)
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can be trapped in both insulator and subgap-DOSs of m-MoS,.
In particular, a larger V, shift under negative bias stress for m-
MoS; FETs with thermal gate oxide (SiOz) was frequently
reported, which is attributed to the large population of hole
traps, possibly coming from sulfur vacancies of MoS;, as
observed in the previous literature [44-45]. However, the
origin on different levels of AVy, for the respective NBS (or
PBS) may be attributed to the combination effects that result
from gate dielectrics, their interface between an active layer
and a gate dielectric, and the active layer itself. Hence, in this
study, after CYTOP encapsulation, the absolute value of AVy,
for NBS is slightly larger than (or similar to) that of AVy, for
positive conditions, which is possibly due to synergetic effects
coming from PECVD-based gate dielectrics and O and H,O
molecules.

With respect to the overall trend of electrical properties,
Figs. 3(a), (b) and (c) show the detailed electrical properties,
where S.S and ppg are extracted from SS =
{(Ologlps/OV Gs)max} ' and prg = L-gm(WCiVps) ™. In addition
to the reduction of AVy, the standard deviation for AVy, and
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FIG. 8. Flow diagram for the TCAD simulation.

Apre is also remarkably reduced after CYTOP encapsulation,
which enables us to secure uniform and improved stability
properties of m-MoS, FETs regardless of device variation. On
the other hand, bias stress effects on electrical properties,
corresponding to a bias polarity during bias stress, were
differently observed, according to the device encapsulation.
Regardless of CYTOP encapsulation, the values of S.S
increase for both PBS and NBS, whereas prg decreases (or
increases) for PBS (or NBS). This behavior is possibly
attributed to the change in trap densities and their distribution
during device operation. However, if the apparently observed
results stand alone, it could be highly uncertain to reach a
reliable and detailed analysis on device instability because trap
distribution and its variation are relatively hard to analyze by
bias stress instability data and their instability model
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standalone. In this regard, MPCV spectroscopy was adopted
to investigate the fundamental origins of device instability,
variation in electrical properties, and their correlation with
subgap-DOSs of m-MoS,, which can evolve on a time scale
during bias stress tests.

B. Extraction of subgap-DOSs for m-MoS:2 FETs

Experimental platforms for optical charge pumping
capacitance-voltage spectroscopy and their extraction
procedures were reported in the literature [38-39]. Based on
the measured photonic C-V characteristics and their standard
procedures for the extraction of subgap-DOSs reported in the
literature, subgap-DOSs for m-MoS, FETs, as shown in Fig.
4, were extracted and plotted, corresponding to positive (or
negative) bias stress for m-MoS, FETs without (or with)
CYTOP encapsulation. Acceptor-like states (ga) and donor-
like states (gp), according to Equations (1) and (2), are
analytically modeled and deconvoluted, yielding information

on subgap-DOSs.
E.-E E.—E
E)=g,(E)+g,(E)=N,exp| ~——— |+ N, exp| -—< !
g/\( ) gTA( ) gDA( ) B p[ kTTA ] . p[ kTDA ]()

8,(E) =8, (E)+ ¢,y (E)+ gy, (E)+g,, (E)=

E-E, E-E, E.-E,-E)
N,, exp| - +N,, exp| - +N expy—| ————
kTTD kTDD kTSD

N, exp _[M] 2)
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FIG. 9. Plots of electrical parameters such as (a) Vi, (b) S.S, and (c) p, corresponding to trap level variation,

, where gra (E) is for acceptor-like tail states, gpa (E) for
acceptor-like deep states, gp (E) for donor-like tail states, gop
(E) for donor-like deep states, gsp (E) for shallow-donor states,
and gwmiq (E) for mid gap defect states, depending on the type
of energy level distribution. In addition, the characteristic
energy distribution and Gaussian center of energy are defined
as kTDos (G.g., TTA, TDA, TTD, TDD, TSD, and TMid) and EDOS (G.g.,
Esp, Emia), respectively, and are extracted. Herein, Npos (e.g.,
Nta, Npa, Ntp, Npp, Nsp, and Nwmig) represents each energy
density distribution of traps, Ev represents the valance band
maximum, and Ec represents the conduction band minimum,
which are magnificently fitted with the model parameters
represented by Equations (1) and (2). All extracted subgap-
DOSs are fitted with the analytical models for Equations (1)
and (2), leading to smooth functions for subgap-DOSs, as
shown in Fig. 4. Subgap-DOSs are deconvoluted using
conventional trap states such as acceptor-like states (e.g., Eq.
(1)) and donor-like states (e.g., Eq. (2)), respectively, yielding
information for a quantitative understanding. In particular, it
is generally reported that the pre in n-channel FETs is
significantly affected by defects near Ec [28]. Several key
parameters, such as gra(E), gsp(E), and gpa(E), below E. are
energetically distributed throughout the energy bandgap with
energy location dependency, yielding capture and thermal
release of free carriers in certain energy states, such as multiple
trapping and thermal release events [28]. Fig. 5 shows
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schematic cartoons to illustrate the reduction of frequency in
multiple trapping and release due to CYTOP passivation,
which has the effects of prohibition of external gas adsorption
toward sulfur vacancy, possibly located in defects in active
layer of MoS; and interface between MoS, and gate dielectric.
As per Fig. 5, the bias condition is the same condition
corresponding to the same gate-overdrive voltage. In this
sense, capture probability should be reduced when trap levels
in forbidden bandgaps are reduced due to passivation. More
importantly, field effect mobility improvement after
passivation can be determined not by “trap level reduction
itself” but by “how much reduction of trap levels”, which are
located in the energy level around Er at certain temperature
and applied bias condition.

To better understand the characteristics of subgap-DOSs for
m-MoS; FETs under bias stress, we extracted and analyzed
detailed subgap-DOSs for m-MoS; FETs after the respective
PBS (or NBS) for 1 hour. Fig. 4(a) (or (b)) shows
deconvoluted curves for subgap-DOSs, g(E), which are fitted
with experimentally extracted DOSs for m-MoS, FETs
without CYTOP encapsulation after positive (or negative) bias
stress. For a better comparison, two data points are plotted in
overlapping mode, which is displayed in Fig. 4(c). On the
other hand, Fig. 4(d) (or (e)) shows deconvoluted curves for
subgap-DOSs and g(E) for m-MoS, FETs with CYTOP
encapsulation after positive (or negative) bias stress. For a
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FIG. 10. Measured (Symbol) and T-CAD model-based (Line) (a) initial transfer characteristics and transfer characteristics after (b) PBS and (c) NBS

in m-MoS: FET without and with CYTOP encapsulation.

clear and intuitive comparison, two data points overlap in the
same graph, which is displayed in Fig. 4(f). After PBS for 1
hour, Fig. 4(a) (or (d)) illustrates that some values in the Ngp
(or Nwmia) peaks, which are located closer to Ec (or further away
from Ey), respectively, were increased for m-MoS; FETs
regardless of CYTOP encapsulation. On the other hand, after
NBS for 1 hour, Fig. 4(b) (or Fig. 4(e)) shows that some values
in the Nsp (or Nmiq) peaks, which are located further away
from Ec (or closer to Ey), increased for m-MoS; FETs
regardless of CYTOP encapsulation. Overall, a noticeable
change in DOSs was observed after PBS (or NBS), hinting
that subgap states for m-MoS, were discernably changed,
followed by redistribution of subgap states in the allowed
DOSs. Thereafter, systematic modeling and extraction
procedures are applied to subgap-DOS parameters, yielding
quantitative values, as displayed in Fig. 4.

From the extracted and fitted DOS results, the atomic
structure and DOSs model of MoS, are shown in Fig. 6. Figs.
6(a), (b), and (c) illustrate the atomic configuration in a MoS»
layer for the respective views of top, side, and 3D,
corresponding to a pristine monosulfur vacancy (Vs) and a
disulfur vacancy (Vsz) in m-MoS,. Fig. 6(d) indicates the
DOSs model extracted from our m-MoS; FETs. As revealed
in the literature [46-48, 51], the origin for each state could be
conceived, accordingly, for the respective of (i) conduction
band edge for Mo 4d orbital, (ii) valence band edge for
hybridization of Mo 4d orbital and S 3p orbitals, (iii) midgaps
for disulfur vacancy (Vs2), and (iv) possible shallow trap states
for monosulfur vacancy (Vs).

In the subgap DOSs of MoS,, Vs and Vs, are dominant
owing to their low formation energy [48]. However, other
representative defects, such as molybdenum vacancies, were
excluded owing to their very high formation energy [48, 52].
Figs. 6(e) and (f) indicate DOSs models after 1 hour of PBS
and NBS, respectively [48, 52-54]. In particular, for the case
of a disulfur vacancy, combination with hydrogen might occur,
leading to transformation toward a hydrogenated disulfur
vacancy (Hs») [52]. During PBS, a shift of the Fermi energy
level (Er) upwards results in the occupation of electrons onto
the Vs state, which can be attributed to the transition toward
Vs (—1) via the adoption of electrons, and moreover, Hs, can

VOLUME XX, 2017

be changed into the Hs, state (—1) due to the attraction of
electrons. When the state transition for Vs and Hs»
predominantly occurred, the increase in states, according to
the (—1) state peak of Vs and Hs,, should be rationally
expected. On the other hand, during NBS, the Fermi energy
level (Er) moves downwards, and Vs (—1) can transition into
the state of Vs (0) by combining with positive holes. In
addition, Hs> can be changed into the state of Hs, (+1) by
combining with positive holes. Thus, when a predominant
transition can occur, the leading state change from Vs (—1) (or
Hs») to Vs (0) (Hs2 (+1)), and the increase in peak states for Vg
(0) (or Hsy (+1)) are rationally predicted after NBS stress.

For a quantitative comparison, detailed DOSs for all peaks
and their energy location, corresponding to usage of
encapsulation and bias stress condition, were compared in Fig.
7. Regardless of CYTOP encapsulation, Figs. 7(a), (b) show
that the Nta, Npa, Npp, and Ntp peaks remain in their original
state even after PBS and NBS. However, compared to the
information on DOSs for m-MoS; FETs without CYTOP, %
reduction for the respective trap state after CYTOP
encapsulation is estimated to be 33% for Nta, 93% for Npa,
50% for Ntp, and 40% for Npp, which is consistent with the
results of AV, reduction with CYTOP encapsulation in Fig.
3(a).

All results and their trends on the evolution for subgap-
DOSs after CYTOP encapsulation are on the same page as
previously reported data in the literature [28]. On the other
hand, as mentioned before, Figs. 7(c) and (d) display that Vg
(—=1) (or Hs2 (—1)) peaks after PBS were increased to the value
of 4x10" (or 1.5x10'7) for the device without CYTOP and
1.5%10"8 (or 1x10"7) for the device with CYTOP, respectively,
as compared to the value of 8x 107 (W/O CYTOP) and
6x10'7 (W/CYTOP) for Vs (0) and the value of 7x10'® (W/O
CYTOP) and 2.5%10'¢(W/CYTOP) for Hs; (+1), accordingly.
In addition, Vs (0) (or Hs» (+1)) peaks after NBS show higher
values of 4x10'8 (or 2.5x10'%) for the device without CYTOP
and 1.2x 10" (or 1x 10') for the device with CYTOP
compared to the values of 2x10'¥ (W/O CYTOP) and 9x 10"
(W/CYTOP) for Vs (—1) and 2x10' (W/O CYTOP) and
9% 10" (W/CYTOP) for Hs, (—1), respectively.
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Table 1. Summary of model parameters which are extracted from acceptor-like and donor-like states models to be fitted with subgap density of states (g(E))
for m-MoS, FETs without CYTOP passivation after PBS (or NBS), respectively. Initial stands for m-MoS, FETs without PBS (or NBS).

DOSs W/O CYTOP Initial PBS NBS
Nra[eViem?] / kTra [eV] 3x10'/0.02 (identical for initial, PBS, NBS)
Npa [eV-cm™] / kTpa [eV] 3x10'/0.2  (identical for initial, PBS, NBS)

Nob [eV-'em™3] / kTop [eV]
Nrp [eV-lem™?] / kT [eV]

1.5x10'/0.85 (identical for initial, PBS, NBS)
3x10%/0.03 (identical for initial, PBS, NBS)

Nwid [eV'em3] / kTwmid [eV] / Emid [eV]
Nwmia  Nusan[eViem?] / kTusa+n[eV] / Basa+nleV]

Nus2-1) [eV'em™] / kTusa-n[eV] / Busac) [eV]

1x10'7/0.25/0.5 - -

- 7x10'6/0.12/0.7 2.5%10'%/0.11/0.78

- 1.5x10'7/0.05/0.37 2x10'%/0.10/0.45

Nsp [eV'em™] / kTsp [eV]/ Esp [eV]
Nsp  Nvso [eViem?] / kTvso) [eV]/ Evso)[eV]

Nvsciy [eViem3] / kTvsen [eV]/ Evser) [eV]

3x10'3/0.06 /0.17 - -

- 8x10!7/0.08/0.18 4x10'8/0.05/0.19

- 4x10'/0.08 /0.05 2x10'/0.05/0.08

Table 2. Summary of model parameters which are extracted from acceptor-like and donor-like states models to be fitted with subgap density of states (g(E))
for m-MoS, FETs with CYTOP passivation after PBS (or NBS), respectivley. Initial stands for m-MoS, FETs without PBS (or NBS).

DOSs W/ CYTOP Initial PBS NBS
Nra[eViem™?] / kTra [eV] 2x10'/0.025 (identical for initial, PBS, NBS)
Npa [eVlcm™] / kTpa [eV] 2x10%/0.2  (identical for initial, PBS, NBS)

Nbpp [eV'ecm™?] / kTop [eV]
Nt [eVlem?] / kT [eV]

9x10'3/0.85
1.5%10%0/0.03 (identical for initial, PBS, NBS)

(identical for initial, PBS, NBS)

Nwid [eV'em?] / kTwmia [eV] / Emia [eV]
Nwmia Nus2+n[eV7'em?] / kTus2+n[eV] / Bnsan[eV]
Naus2¢1) [eVlem™] / kTus2¢-n[eV] / Ensac1) [eV]

2%10'9/0.2/0.52 - -

1x10'%/0.15/0.76
9x10'5/0.07/0.45

- 2.5%10'/0.09/0.62
- 1x10'7/0.04 /0.37

Nsp [eV-lem?] / kTsp [eV] / Esp [eV]
Nsp Nvso [eV'em?] / kTvs) [eV] / Evso) [eV]
Nvscn [eViem?] / kTvsc1) [eV]/ Evschy [eV]

1x10'8/0.07/0.19 - -

1.2x10'%/0.06 /0.21
9x10'7/0.06 / 0.08

- 6x10'7/0.08 /0.18
- 1.5%10'3/0.05 / 0.08

For further confirmation of the peak transition of Vs and Vs,

after bias stress, the energy location of each peak was extracted.

Fig. 7(e) shows that the Nmig peak with the highest value for
the bare device W/O CYTOP was changed from the initial
value of 0.50 eV to 0.37 eV (or 0.78 eV) after PBS (or NBS).
On the other hand, the Nsp peak with the highest value for the
bare device was changed from the initial value of 0.17 eV to
0.05 eV (or 0.19 eV) after PBS (or NBS), accordingly. Due to
the transition of Vs and Vs; toward a negative state after PBS
(or a positive state after NBS), the energy locations of the Nuiq
and Nsp peaks, which are closely associated with Vs and Vs,
are shifted to near Ec (or toward Ey). Likewise, for the
W/CYTOP device, Fig. 7(f) shows that the Nmiq peak with the
highest value was changed from the initial value of 0.52 eV to
0.37 eV (or 0.76 eV) after PBS (or NBS). Moreover, the Nsp
peak with the highest value moved from the initial value of
0.19 eV to 0.08 eV (or 0.21 eV) after PBS (or NBS),
respectively.
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All results, as shown in Fig. 7, substantiate that the effects
of bias stress for m-MoS; FETs are closely correlated with
subgap states and that their information on the evolution of
DOSs is beneficial to understand the quantitative contribution
toward electrical parameters, including Vi and S.S, and pirg,
and others. Furthermore, these results are reasonably matched
with the variation in electrical properties for m-MoS, FETs
after bias stress. Similar to the evolution of electrical
parameters in Fig. 3, S.S increases and prg decreases after PBS,
and S.S and prg increase after NBS, respectively. The
degradation on S.S after PBS (or NBS) might be attributed to
the widened Nsp peak after bias stress. Moreover, the
decreased prg after PBS can originate from an increase in
impurity scattering, possibly due to the generation of Vs (—1)
states during PBS. On the other hand, the variation in the
evolution of prg according to the stress time of NBS was
relatively small compared to that of PBS. This is within a
similar trend of prg evolution for m-MoS; FETs for PBS (or
NBS) in the literature [44,45]. For quantitative visualization
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and its easy understanding of the trend of evolution for DOSs,
all the information on the extracted DOSs is summarized in
Table 1 (W/O CYTOP) and Table 2 (W/CYTOP),
respectively. In the present work, with an adoption of the
values in Tables 1 and 2, the information of DOSs before (or
after) bias stress for m-MoS, FETs with (or without) CYTOP
encapsulation is displayed in Fig. 7 for a clear delivery of the
trend of evolution of DOSs.

C. TCAD simulation

To validate the physical meaning of the extracted subgap-
DOSs from the perspective of device operation, a technology
computer-aided design (TCAD) simulation was performed
using Atlas 2-D of SILVACO [55-57]. TCAD simulation
was performed by changing Si-based model parameters and
electrical parameters because multilayer MoS, is typically
known to have an indirect bandgap. Thus, transfer
characteristics for m-MoS, FETs via TCAD simulation were
obtained from experimentally extracted DOSs, g(E), by
using optical charge pumping C-V spectroscopy. As shown
in Fig. 8, we simulated I-V data with structural parameters
and material parameters. Additionally, we enhanced the
accuracy of the simulation by comparing the electrical
parameters of the measured I-V data with the electrical
parameters of the simulated I-V data. Fig. 9 shows changes
in electrical properties according to DOS parameters. As a
result, it is confirmed through simulation that DOSs near the
conduction band have a significant impact on electrical
parameters. In particular, because the DOS parameter Nuia
and Nsp reduction can contribute to the increase in mobility
and current level in transfer curves, we fitted the mobility by
using these values, leading to extraction of field effect
mobility. In addition, doping concentration (Ng) reduction
can contribute to a decrease in V. Thus, Vi, was extracted
by fitting these parameters. The extracted DOS values are
specified in Tables 1 and 2, respectively, and Ng= 2.7 x 10'7
(or 1.0 x 10') cm™ for MoS; W/O (or W/) CYTOP. In
addition, the actual physical dimension of W/L (= 30/10 pm)
was used for this simulation study. Fig. 10 shows that the
simulated I-V characteristics are compared with the
experimental data obtained from the electrical measurement
of the I-V characteristics for all bias stresses and
encapsulation conditions. The transfer characteristics were
measured at a fixed drain-to-source voltage (Vps) of 0.1 V at
room temperature. All results indicate that the transfer
characteristics in the TCAD simulation are nicely matched
with the measured transfer characteristics, substantiating that
extracted subgap-DOSs information is physically
meaningful.

IV. CONCLUSION

For the future application of backplanes in flat panel displays,
along with hybrid integration Si devices with 2-dimensional
transition metal dichalcogenides, reliable device operation and
its securing stable device configuration with optimization of
2D semiconductors and dielectrics are starting points for
practical circuit-level applications. Thus, in this study,
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reliable and quantitative estimation of the bias stress instability
of m-MoS, FETs for the respective PBS and NBS were
systematically performed. To secure reliable m-MoS, FETs,
the devices were encapsulated with CYTOP, leading to
decoupling with external effects associated with ambient gas
(e.g., Oz and H>0) in air. As one of the systematic methods for
the extraction of subgap-DOSs, optical charge-pumping
capacity-voltage spectroscopy was adopted, and hence, the
extraction of DOSs and their evolution of DOSs for the
respective PBS (or NBS) were investigated. With respect to
the extracted DOSs at midgap and shallow trap levels,
originating from Vs and Vs, respectively, peak positions were
shifted upward after PBS, leading to a state transition from Vg
to Vs (—1) by electron trapping in the subgap states. Moreover,
states of Vs (—1), which have a larger negative charge than
that of Vg (0), transitioned toward Vs (0), and Hs, (0) was
shifted toward Hs, (+1), owing to the attraction of holes during
NBS. In addition, compared with that of Nwa for the initial
state, the Nmiq peak with the highest value was changed from
0.50eV t00.37eV (or 0.78 eV) after PBS (or NBS). Likewise,
the Nsp peak was changed from the initial value of 0.17 eV to
0.05 eV (or 0.21 eV) after PBS (or NBS), accordingly.
Variations in electrical parameters after bias stress rationally
match the trend observed from DOSs information. Last,
TCAD simulation substantiates that the extracted subgap
DOSs information according to PBS (or NBS) is physically
meaningful, leading to self-manifestation of the validity of the
extracted DOSs information in I-V characteristics. Herein, the
platform, which was secured for evaluation on subgap-DOSs
for m-MoS, FETs, is expected to hint at the quantitative
information behind the mechanism, which is closely related to
device instabilities but hard to analyze due to previously
reported

methods associated active area limitation and unresolved
information on both charge carriers and transport for each bias
condition, relying on one-sided evaluation for either I-V or C-
V characterization, respectively.
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