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The properties of transition metal dichalcogenides (TMDCs) are critically dependent on the dielectric

constant of substrates, which significantly limits their application. To address this issue, we used a perfl-

uorinated polyether (PFPE) self-assembled monolayer (SAM) with low surface energy to increase the van

der Waals (vdW) gap between TMDCs and the substrate, thereby reducing the interaction between them.

This resulted in a reduction in the subthreshold swing value, an increase in the photoluminescence inten-

sity of excitons, and a decrease in the doping effect by the substrate. This work will provide a new way to

control the TMDC/dielectric interface and contribute to expanding the applicability of TMDCs.

1 Introduction

The excellent physical, optical, and electrical properties of two-
dimensional (2D) transition metal dichalcogenides (TMDCs)
with weak van der Waals (vdW) interaction of layers have trig-
gered intensive studies in the fields of optoelectronics,1,2 elec-
tronics,3 and catalysts.4,5 However, their intrinsic properties
are crucially affected by the conditions of interfaces, such as
air, electrodes, and dielectric substrates due to the atomically
low thickness.6 In particular, the formation of broken inter-
faces by deposition process, abundance of charge puddles,
and roughness of dielectric substrates mainly affect the intrin-
sic properties of 2D materials.7–12 Thus, interface engineering
at the TMDC/substrate junction is essential to achieve superior
optical and electrical properties of 2D TMDCs in both funda-
mental studies and applications.

To eliminate the effects of the TMDC/substrate interface,
various methods such as the suspension of TMDCs and the
insertion of a buffer layer including hexagonal boron nitride

(hBN), metal oxides, and polymers have been studied.11–15

Among them, the suspension of TMDCs has been intensively
studied, particularly in freestanding structures, as it signifi-
cantly improves their optical and electrical properties.11

Furthermore, the suspended MoS2 field effect transistor (FET)
showed the value of subthreshold slopes close to the thermo-
dynamic limit with a high on/off ratio exceeding 107.12

However, large strains at the TMDC/nanostructure interface
are inevitable and can even tear TMDCs.

In another approach to eliminate the interface effects, hBN
was inserted to block charge puddles on the substrate surface
and provide an atomically sharp interface.15 These advantages
due to hBN insertion triggered many studies on TMDCs with
hBN and physical properties of TMDCs have been greatly
improved.16,17 In general, hBN has been prepared in numerous
studies via mechanical exfoliation or chemical vapor depo-
sition (CVD). However, mechanically exfoliated hBN has a
small lateral size with poor reproducibility16,17 and the growth
of a sufficient thickness of hBN for wafer scale by a CVD
method has been difficult due to the low solubility of the pre-
cursor in metal catalysts.18,19 Despite continuous efforts to
eliminate interfacial effects, bottlenecks in interfacial engin-
eering, such as inevitable deformation and the small lateral
size of the buffer layer, still remain. In addition, the effect of
vdW distance between TMDCs and the substrate has not been
understood clearly although the interfacial effect is also
crucial with the distance.

In this study, we fabricated a self-assembled monolayer
(SAM) of commercial perfluorinated polyether (PFPE) named
S10 on a SiO2/Si substrate, and the monolayer of CVD-grown
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TMDCs was transferred to a substrate coated with S10.
Through atomic force microscopy (AFM) measurement, the
extended vdW gap of TMDCs/S10 more than SiO2 was observed
due to the low surface energy of S10. Because of the expansion
of the vdW gap, the PL intensities were enhanced several times
without any change in Raman shift related to strain relaxation
and doping. This phenomenon was reconfirmed by the fact
that the average values of the subthreshold swing in the MoS2
field effect transistor decreased from 4.75 V dec−1 to 2.61 V
dec−1 even though the defect density of the dielectric interface
is increased. This 2D material/dielectric interface engineering
using PFPE can help solve interface issues to suppress the
unique properties of TMDCs.

2 Experimental
2.1 Materials

Fluorolink S10 (commercial PFPE) and perfluorinated solvent
(Novec 7100) were purchased from Solvay and 3M™, respect-
ively. Isopropyl alcohol (IPA, ACS reagent, 99.5%), acetic acid
(glacial, ACS reagent, 99.7%), acetone (ACS reagent, 99.5%),
and poly(propylene carbonate) (PPC, Mn 50 000) were
received from Sigma Aldrich. Polymethyl methacrylate
(PMMA A4) was bought from MicroChem.
Polydimethylsiloxane (PDMS, Sylgard 184 kit) was received
from Dow silicones corporation. All chemicals were used
without further purification.

2.2. Growth of monolayer (1L) TMDCs by a CVD method

For the preparation of 1L TMDCs, sodium tungstate/molybdate
(Na2WO4/Na2MoO4, ACS reagent, Sigma Aldrich) and sulfur (S)
or selenium (Se) powder (>99.5%, Sigma Aldrich) were used as
the precursors of transition metals and chalcogens, respect-
ively. The transition metal precursor was dissolved in de-
ionized (DI) water at a concentration of 0.0125 M. This liquid
precursor was then coated onto a SiO2/Si substrate using a
spin-coater at 3000 rpm for 30 seconds. The prepared SiO2/Si
substrate and chalcogen powder were positioned at two
different locations within a two-zone CVD system. Each zone
was heated to 780 °C and 210 °C over a period of 6 minutes
and maintained at these temperatures for 24 minutes, respect-
ively, under atmospheric pressure with N2 flow at 550 sccm
and H2 flow at 4 sccm. Subsequently, the system was rapidly
cooled down to room temperature.

2.3 Preparation and coating of S10 solution

For the coating process, hydrolysis and condensation of PFPE
containing a silane group must be performed with an acid
catalyst. The procedure was performed according to the
instructions provided by Solvay. Briefly, 0.1% of S10, 0.4% of
deionized water (DI), 0.1% of acetic acid, and 99.4% of IPA
were mixed with weight percent ratio, respectively. To complete
the hydrolysis and condensation reaction, the solution was
kept under continuous stirring for 24 h. The SiO2/Si substrate
(300 nm SiO2) was washed with acetone, DI, and IPA under

sonication for 10 min, respectively. The spin coating of solu-
tion was conducted at 3000 rpm for 30 s and the substrate was
annealed at 150 °C for 15 min.

2.4 Device fabrication

A highly p-doped silicon waver with 300 nm thickness of SiO2

was applied as a dielectric and gate electrode. Silicon wafer
was washed with acetone, DI, and IPA under sonication for
10 min, respectively. For the bottom electrode deposition,
photo lithography was conducted with AZ-GXR-601 PR (14cp)
as the photoresist, which was developed by AZ-300 MIF. Gold
and titanium were deposited by a thermal deposition system
under a high-vacuum condition. To cover the selective area of
S10, photolithography was performed again. Finally, CVD-
grown MoS2 was transferred onto the fabricated bottom elec-
trode using a hand-made dry transfer system with a PPC/
PDMS stamp.

2.5 Characterization

The electrical properties were measured using a semi-
conductor characterization system (Keithley 4200-SCS) under
vacuum conditions (<10−3 Torr). XPS was performed using a
Thermo Scientific Nexsa instrument under high-vacuum con-
ditions (<10−6 Torr). A low-power Al K X-ray beam with
10–400 µm spot size was incident on the sample with 30
degrees of incident angle. The Raman and photoluminescence
spectra were recorded using a confocal imaging system
(LabRam HRevo, HORIBA) with a 532 nm laser. The mor-
phology of TMDCs/S10 was measured using an AFM (XE-100,
Park system).

2.6 Theoretical calculations

To determine electron populations of TMDCs on S10,
quantum mechanical calculations using the DMOL3 code as
implemented in the BIOVIA Materials Studio platform were
done and the contributions to the atomic charge from each
atomic orbital on each atom were calculated by the Mulliken
population analysis method. Detailed process is shown in ESI
note 1.†

3 Results and discussion
3.1 Expansion of van der Waals distance

The schematic procedures of the wet transfer of TMDCs onto
the S10-coated substrate are shown in Fig. 1a. The detailed
process is explained in the experimental part. The photolitho-
graphy process was performed to fabricate a half-covered SiO2

substrate using a photoresist to directly compare the S10
effect. A half-covered SiO2 substrate spin-coated with the S10
solution was annealed in a convection oven. Subsequently,
CVD-grown TMDCs were transferred to a half-coated substrate
with S10. In Fig. 1b, the vdW gap of MoS2/S10 is measured as
3.35 nm, which is larger than that of MoS2/SiO2 (1.35 nm). In
addition, the expanded vdW distance of other TMDCs on S10
around 4 nm is observed, greater than 1 nm on SiO2, as shown
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in Fig. S1.† The work of the adhesion (W) at the interface is the
required energy to separate the materials (peel off ), and it is
described below.20

W ¼ γT þ γD � γTD ð1Þ
γT, γD, and γTD are the surface energy (tension) of the

TMDCs, dielectric, and the interfacial energy (interfacial
surface tension) for the TMDC/dielectric interface, respectively.
The conventional method to evaluate the surface energy is the
contact-angle measurement. Thus, eqn (1) is typically
expressed as Young’s equation, as follows:

γTD ¼ γD � γT cos θ ð2Þ
θ is the contact angle between TMDCs and the substrate,

which can be 0 degrees at the flattened surface. The surface
energies of MoS2 (γMoS2), SiO2 (γSiO2

), and S10 (γS10) are 46.5,
115–200, and 18.14–19.86 mJ m−2 provide that the interfacial
energies of MoS2/SiO2 and MoS2/S10 are calculated as 161–246
and 64.6–66.4 mJ m−2, respectively.21,22 Thus, the increase in
the vdW gap of MoS2/S10 interfaces after S10 coating can be
explained by the inverse proportion between the interfacial
energy and the distance.23 The rise of the vdW gap between
MoS2 and S10 due to the low interfacial energy (64.6–66.4 mJ
m−2) leads to a reduction in the coulombic interaction with
the dielectric.

3.2 Optical properties of TMDCs on S10 and SiO2

The PL property of TMDC monolayers is sensitive to the
environment of TMDC/dielectric interfaces. To investigate the
effect of the S10 coating, PL measurement was performed for
four different TMDCs on half-covered SiO2 by S10. The PL
mapping images of four different TMDCs are shown in Fig. 2.
The PL intensity of four TMDCs is dramatically improved

around 4–8 times on the S10-coated area compared to the
uncoated area. Interestingly, all TMDCs demonstrated that
negligible changes in negative (MoS2, MoSe2, and WS2) or posi-
tive (WSe2) trion intensities were observed, indicating insignifi-
cant doping effects. Besides, the transition from negative or
positive trion dominant features on SiO2 to neutral exciton
dominant features on S10 was confirmed by the fitting of the
PL spectra of TMDCs in Fig. 2. We expected S10, the perfluori-
nated polyether (PFPE) polymer that can withdraw electrons
from nearby molecules due to the high electronegativity of
fluorine atoms, provides a strong p-type doping effect.24,25 In
contrast to our expectation, independent trion intensities
according to the dielectric interface present the negligible
doping effect from the substrate. According to a previous
report on the heterostructure of TMDCs and perfluorinated
polymer named CYTOP, the unintentional doping effect of the
dielectric is prevented by CYTOP due to many body effects and
band renormalization.26 However, in the case of S10, the cou-
lombic interaction between TMDCs and S10 is hugely sup-
pressed by a large vdW distance of TMDCs/S10 (3.35 nm) than
TMDCs/SiO2 (1.35 nm). Therefore, the effect of surface defects
of the dielectric substrate on the TMDCs is also reduced.27 For
this reason, the PL of TMDCs was improved on S10 compared
to the SiO2 substrate, as shown in Fig. 2. The two representa-
tive vibrational modes of TMDCs, denoted as A1g and E1

2g, are
good indicators to evaluate the doping and lattice strain effect
of TMDCs. In detail, the out-of-plane bending vibration A1g
mode has been shown to be sensitive to variations in vertical
pressure and electron density due to doping.28–30 In accord-
ance with the surface morphology of the substrate, the in-
plane bending vibration E12g mode is shifted by strain, which
is applied to the horizontal direction.31,32 Therefore, to investi-
gate the effect of S10, we conducted the Raman scattering

Fig. 1 Schematic of the sample preparation and the confirmation of the vdW distance: (a) wet transfer of TMDCs onto an S10 half-covered sub-
strate and (b) AFM image of the S10/SiO2 boundary.
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measurement for TMDC monolayers, and the results are
shown in Fig. 3. The Raman shift of A1g and E12g modes
shown in Fig. 3a was observed in MoS2 with 0.4 and 0.1 cm−1,
respectively. However, the independent Raman modes on the
substrate were confirmed from other TMDCs, as shown in
Fig. 3b–d. In general, the blue shift of A1g mode in MoS2 is
attributed to p-doping, which induces the conversion of nega-
tive trions to excitons in MoS2.

28,33,34 However, the negligible
change of trion in the PL spectrum of MoS2/S10 demonstrates
the insignificant p-doping effect, which leads to converting
negative trions to neutral excitons. Although TMDCs generally
have a significant covalent character, MoS2 has a relatively
high ionic character (4.31%), as shown in Table S1 (ESI†), and
a dipole moment of 0.5 D is calculated. Therefore, despite the
decrease in electrostatic interaction due to the increase in the

vdW gap by the low surface energy of S10, fluorine with
highest electronegativity in S10 affected the dipole moment of
MoS2, causing the shift of vibration modes.35 Contrary to
MoS2, the peak positions of MoSe2 in Fig. 3b are the same due
to the relatively low ionic bonding percentage (3.73%) and
dipole moment (0.45 D). The removal of unrelated peaks for
the doping and strain features in Fig. 3c and d was conducted
to evaluate the Raman shifts of WS2 and WSe2, respectively.
The change seems to be negligible in WS2 and WSe2 as well.
The negligible doping and strain relaxation are reconfirmed by
the Raman shift of the A1g and E12g modes. Therefore, a slight
change in Raman scattering in MoS2 is believed to be due to
the surface morphology of the SiO2 substrate and the widening
of the vdW gap by forming PFPE SAMs with low surface
energy.

Fig. 2 PL spectra (left), mapping images (right top and middle), and optical images (right bottom) of TMDCs on the half-covered SiO2 substrate by
S10. The mapping images present the PL intensity (right top) and PL peak position at intensity maxima (right middle): (a) MoS2, (b) MoSe2, (c) WS2,
and (d) WSe2, respectively.
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3.3 Binding energy of TMDCs on S10 and SiO2

The S10 coating effect at the semiconductor/dielectric interface
was analysed by PL and Raman scattering. Prior to measuring
XPS for TMDs on SiO2 and S10, we checked the formation of
S10 SAM on the SiO2 substrate, which is already observed by
AFM. In Fig. S2a (ESI†), the bonding features of hydrocarbon in
C 1s, the absence of a peak in F 1s, and a single peak from Si–O
in the O 1s spectrum are explained for the SiO2 substrate with
some carbon impurities. However, the additional peak in the
high binding energy region of C 1s, the peak rise in F 1s, and
the other peaks in the O 1s spectrum clearly demonstrate the
presence of the S10 layer. We then performed XPS measure-
ments with and without S10 on the substrate to further clarify
the effect of S10, and the results are shown in Fig. 4. The exact

binding energies of transition metals and chalcogens in TMDCs
on SiO2 and S10 are shown in Table S2 (ESI†), and these are well
matched to previous studies. Compared with SiO2, the binding
energy of TMDCs is shifted; however, the shift direction is
different depending on the transition metal. Additionally, the
work function changes of TMDCs on S10 as observed by ultra-
violet photoelectron spectroscopy (UPS) are shown in Fig. S3,†
exhibiting the same shift direction with XPS depending on tran-
sition metals. Generally, the doping effect can explain the shift
of binding energy in TMDCs. However, we figure out the negli-
gible doping effect by S10 through PL and Raman scattering.
Moreover, if the doping effect of S10 is present, the direction of
the binding energy shift due to it should be the same. In the
case of molybdenum-based TMDCs, MoS2 and MoSe2 shown in
Fig. 4a and b, the binding energy of both transition metal and

Fig. 3 Raman scattering of TMDCs on the half-covered SiO2 substrate by S10: (a) MoS2, (b) MoSe2, (c) WS2, and (d) WSe2, respectively.
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chalcogenide is increased on S10 and the tungsten-based
TMDCs, as shown in Fig. 4c and d, are decreased. Therefore,
TMDCs with different transition metals are influenced by S10
perfectly opposite. According to the previous study, the binding
energy of the organic SAM layer on the Au film has been modu-
lated in the direction of the dipole.36 In addition, the SAM on
the MoS2 monolayer can modulate the p- or n-type doping effect
by changing the orientation and magnitude of the dipole
moment.35 Generally, the permanent dipole of TMDCs is zero
due to the symmetric crystal structure; however, the induced
dipole moment of TMDCs by polar molecules (S10) is pro-
portional to the electronegativity difference (Δχ) of transition
metals and chalcogens.37 Besides, the bond character of
materials can be categorized by the electronegativity differences,
which are covalent bonding (Δχ < 0.4), polar covalent bonding
(0.4 < Δχ < 1.8), and ionic bonding (Δχ > 1.8), respectively.24 As a
result, we hypothesized that S10 affected the dipole moments of

TMDCs (induced dipole), which is proved through theoretical
approaches. The dipole moment can be presented using the per-
centage of ionic character as follows:

DipolemomentðμÞ ¼ PioniceR
100

ð3Þ

Pionic, e, R are the percentage of ionic character, charge of
the electron, and bond length, respectively. To get the ionic
bonding percentage in TMDCs, we calculated using the
electronegativity, as suggested by Linus Pauling, and the
detailed information is shown in Table S1 (ESI†).38

Ionic character ð%Þ ¼ ð1� e�ðΔx=2Þ2Þ � 100 ð4Þ
Δχ is the difference in electronegativity between bonded

atoms, and the bond length is applied in the previous report.39

Due to the similar electronegativity of Mo (2.16), W (2.36), S
(2.58), and Se (2.55), the percentage of ionic bonding character

Fig. 4 Comparison of the XPS spectra of CVD-grown TMDC monolayers according to the S10 layer: (a) MoS2, (b) MoSe2, (c) WS2, and (d) WSe2,
respectively. Black and red lines indicate SiO2 and S10, respectively.
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and the size of dipole moment are calculated as less than 5%
and 0.50 D, respectively. However, those values of MoS2 and
MoSe2 are larger than those of WS2 and WSe2 by around four
times, which are more sensitive to the coulombic interaction
of S10 due to the largest electronegativity of fluorine in S10.
Furthermore, to confirm the effect of S10, the atomic charge
densities of TMDCs with S10 were calculated by the Mulliken-
dipole population analysis.40,41 In Fig. S4 (ESI†), the atomic
charge distribution of TMDCs is modulated by the S10 layer,
and significant changes are observed in the charge densities
of MoS2 and MoSe2 compared to those of WS2 and WSe2 due
to the higher percentage of ionic bonding. Using the theore-
tical results, the dipole moment of TMDCs/S10 was calculated,
and is presented in Table S3 (ESI†). The dipole moment

changes in WS2 and WSe2 with S10 are negligible or decreased
in WSe2. In contrast, in the case of MoS2 and MoSe2, the
increase in dipole moment with S10 is double. Therefore, we
concluded that the opposite direction of shift in the XPS spec-
trum of TMDCs/S10 originated from the combined effect of
charge rearrangement in TMDCs and different changes in the
dipole moment by S10.

3.4 Changes in electrical properties

Experimental and theoretical approaches carefully examined
the effect of S10 coating. To figure out the interface effect of
S10 in electronics, a MoS2 FET was fabricated on the half-
coated S10 substrate with the bottom electrode geometry
shown in Fig. 5a and b. To acquire the reproducibility of elec-

Fig. 5 Electrical properties of the CVD-grown MoS2 monolayer depending on S10. (a) Schematic of the device and (b) optical image. (c)
Representative gate sweep curve. The average electrical properties of the device for (d) threshold gate bias, (e) off current, (f ) subthreshold swing
value, and (g) hysteresis bias, respectively. The defect characteristics of the device with the Arrhenius approach for (h) MoS2 on SiO2 and (i) MoS2 on
S10.
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trical properties, a total of 32 devices for each SiO2 and S10
were fabricated, and the result is shown in Fig. S5 and S6
(ESI†), respectively. The representative transfer curves of
devices are presented in Fig. 5c, and the comparisons of
average electrical properties such as threshold voltage (Vth), off
current (Ioff ), subthreshold swing (SS), and hysteresis gate bias
(Vhy) are shown in Fig. 5d–g, respectively. According to pre-
vious studies on the perfluorinated polymer/semiconductor
interface in FET, improved electrical properties with the shift
of Vth were explained by reducing charge carrier trapping at
the SiO2 interface.42,43 However, in this study, negligible
changes except SS and field effect mobility (μFE) were observed,
which indicates negligible doping effect from S10 due to the
large vdW gap between MoS2 and S10. Interestingly, the inde-
pendency of SAM at the interface for the shift of Vth has been
reported due to the low dielectric constant with extremely thin
thickness.44 Besides, the electrostatic effect of SAM acting as a
dipole layer is attributed insignificantly to the change in inter-
face for the shift of Vth.

45 Thus, we assume that the changes in
SS values might result from the modulation of the trap state at
the MoS2/S10 interface. The trapped charge carrier in the
channel at the on state can be released by thermal energy, and
this process is observed as the transient current, having valu-
able information about the trap.46 The transient current can
be expressed using the Arrhenius equation as follows:47

ΔQhy ¼ Qm � e�ðEA=kTÞ þ Qfix ð5Þ

ΔQhy ¼ Cox � ΔVT ð6Þ
ΔQhy, Qm, EA, k, T, Cox, ΔVT, and Qfix are the hysteresis from

eqn (6), trap charge, activation energy, Boltzmann constant,
temperature, gate oxide capacitance, threshold voltage shifts,
and fixed trap charge, respectively. For the analysis of the trap
using the Arrhenius equation, temperature-dependent electri-
cal measurements according to S10 were conducted, and the
information of the trap was extracted from the fitted curves
shown in Fig. 5h and i, respectively. Due to the changes at the
interface by S10, the activation energy of interfacial defect is
dramatically increased from 120 meV to 250 meV.46 Despite
the increase in mobile trap charge and activation energy, the
improvement in SS values can also be understood by reducing
the coulombic effect of the interfacial traps due to the large
vdW gap by S10. To confirm the mitigation of substrate effects
by S10 for other TMDCs, the devices were fabricated with
various TMDC monolayers (MoS2, MoSe2, WS2, and WSe2) on
the S10 layer and they exhibited modulated electrical pro-
perties compared to the conventional SiO2 dielectric surface,
as shown in Fig. S7a–d.† In particular, the introduction of
PFPE SAMs increased the drain–source current (IDS) of all
TMDC samples, enhancing μFE by an average of about two
orders of magnitude, as shown in Table S4.† Interestingly, the
SS value of MoS2 is changed noticeably from 550 mV dec−1 to
390 mV dec−1 after SAM functionalization, indicating that the
coulombic interaction was weakened. The modulation of the
output curves by the engineered interface is also shown in
Fig. S7e and f,† which shows different IDS at different back-

gate biases. The pristine n-type TMDCs (MoS2, MoSe2, and
WS2) show enhanced n-type behaviours on PFPE SAMs, while
the p-type WSe2 shows enhanced p-type carrier transport. In
addition, the saturation current values, which were unstable
on the standard SiO2 dielectric substrate, were stable and pro-
nounced for each sample. Therefore, PFPE SAM has been
demonstrated to enhance the electrical properties of 2D
materials via the reduction in substrate effects with the
increase in vdW distance.

4 Conclusions

In summary, we modified the vdW distance of the TMDC/
dielectric interface using the low surface energy of PFPE SAM.
The enhancement in PL and SS values is observed without
electrical doping and strain relaxation, which is revealed by
Raman scattering and electrical transport measurement. The
variation in dipole moments in Mo-based TMDCs is more sen-
sitive to W-based TMDCs with the interaction of S10 due to
higher ionic bonding percentages, leading to opposite shifts of
binding energy in the XPS spectra. These results provide a
noble way to control the characteristics of TMDCs via the
modulation of the vdW gap.
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