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ABSTRACT:We have developed a simple and straightforward wa
realize controlled postdoping toward 2D transition metal dichalco
nides (TMDs). The key idea is to use low-kinetic-energy dopant be{
and a high-ux chalcogen beam simultaneously, leading to subst
tional doping with controlled dopant densities. Atomic-resoluti
transmission electron microscopy has revealed that dopant at
injected toward TMDs are incorporated substitutionally into t
hexagonal framework of TMDs. The electronic properties of dof
TMDs (Nb-doped WSg have shown drastic change apiype action
with more than 2 orders of magnitude increase in current. Positi
selective doping has also been demonstrated by the postdoping to
TMDs with a patterned mask on the surface. The postdoping method
developed in this work can be a versatile tool for 2D-based next-
generation electronics in the future.
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the adverse short-channela, has led to searching for realize ultrashort-channel devices. Past research on 2D -

materials for next-generation electronic devices. Thednductors has already demonstrated that 2D semicondu
short-channel ect becomes serious when the eleatitt work as high on/oratio FETs with carrier mobility up to the
originating from the source/drain electrodes is comparable gder of 18cn?/(V s) atroom temperature In conjunction
that of the gate electrode. In this case, the gate eleltric Wwith the recent advancement of growth techniques and
cannot control the channel current properly, and adverts e successful formation of ohmic contacts, 2D semiconduc
such as a decrease of threshold voltage and degradatiorP@vide an e_xce,lllent opportunity to develop next-genera
subthreshold characteristics, inevitably emerge. Various Bpnoelectronics: ) o
proaches, including double-gatie-e ect transistors (FETs) ~ 'he accurate postdoping method for 2D materials is cru
and FinFET, are now being investigated to overcome the shdfl the development of 2D-material-based electronic dev
channel eect> Among the various approaches, one of thel € success in Si devices is based on reliable postd
promising ways is to use new material, particularly atomicaliFniquesp/n-doped Si works as electrodes/channels in
thin semiconductors (two-dimensional (2D) semiconductorsPased metal-oxide-semiconductor FETs (MOSFETS) in il
as semiconductor chaniéls. grated circuits. In the fabrication of Si MOSH¥Tiglopants

The discovery of 2D semiconductors has triggered reseafdi§ incorporated through ion implantation arsien, forming

toward next-generation nanoelectréfii®esearch on 2D
materials started with gapless graphene, and graphene reseagchived: May 30, 2021

soon led to the isolation of various 2D semiconductors, such/ag-epted: November 22, 2021
transition metal dichalcogenides (TMDs, for examplg, MoS~Ublished: November 29, 2021
WSg, etc), whose band gap ranges in energy from 1 t6%2 eV.

2D semiconductors possess a uniform thickness of less than 1

nm without, ideally, any dangling bonds at the surface, and the

I he current limitation in Si-based devices, arising fromaltrathin uniform structure of 2D semiconductors is ideal
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electrodes and channels at desired locations. However, the sahvenge after the doping procésgure S HAADF-STEM
technique cannot be applied for doping into 2D semiconductonsiages show sigoant change. Spotlike contrasts observed in
because high-energy ions or high-temperatunsiah the images can be roughly categorized into three groups: the
processes can damage the ultrathin structure of 2D serhiightest, the middle, and the darkest ones. The brightest and
conductors. Doping toward 2D materials has, therefore, bettre middle ones correspond to W and two Se atoms standing
performed through mixing dopants during growth provertically, respectively. The darkest contrasts observed at the W
cesse¥. '° Using this method, various dopants, such as Rpositions correspond to Nb atoms substituted into the
and Nb, have been successfully doped topghaype FET framework of W&eAlso, image contrasts darker than those of
characteristic¢§?° Although this is a versatile way to q@pe ~ Nb are seen at Se sitésy(ire @ shows one dark spot at a Se
dopants substitutionally to frameworks of 2D materials, thste), probably originating from single Se vacancies; single Se
development of accurate postdoping is essential to realiz@cancies arise not only from the growth process pbW¥/Se
position-controlled doping for future 2D-semiconductor-basealso from the formation of Se defects induced by electron beam
devices. irradiatior’. In HAADF-STEM images, image contrasts
In this work, we have developed a straightforward way &irongly depend on the atomic number (Z-contrast), and
realize controlled postdoping toward 2D transition metasubstitutions of W by Nb are expected to yield darker contrasts
dichalcogenides (TMDs), including Mp$¥Se, etc Figure than W, as seen in the HAADF-STEM imaggste 2 and d
1 shows a schematic representation of the doping procesdsows cutouts from the white squares shdviguire a2 and b,
respectively. The hexagonal network structure pisWwiBarly
visible, and dark contrasts at W sites are assigned to Nb atoms
substituted to W sites as shown in the structure mdeielsria
2c and d. To corrm the assignment, we performed STEM
image simulations using WinHREM software (HREM Re-
search). As seenkigure 2, the simulated image well matches
the observed one showfrigure 2. Also, the line prées along
the direction indicated by the blue arrowSignire 2 and e
agree wellHigure 2 left, observed; right, simulated), which
further conrms the substitution of W by KbWe carefully
checked the HAADF-STEM images and found that no W or Nb
atoms exist on top of the 2D layers; the additional contrast from
surface adsorbed W/Nb atoms has not been observed in any
HAADF-STEM images. Energy-dispersive X-ray spectroscopy
Figure 1. Schematic representation of the postdoping process. Ahas revealed that the Nb atoms are distributed uniformly over
predeposited crystal of TMD (in this case, WSeirradiated with a the WSe samplesHigure S Substitution of Se by Nb is
dopant (Nb) and a chalcogen (Se) beam, which leads 1o gnergetically unfavorable, and therefore, Nb atoms should
substitutional postdoping of Nb toward W.Se predominantly occupy W sites in the current doping process.
Direct counting the number of Nb atoms substituted gives
developed in this work. The key idea is to use dopant bearfleping rates of 3.4 and 7.4 at % for 3- and 6-min exposures,
(Nb, Re,etc) with low kinetic energy generated by thermalrespectively; the corresponding doping rate, in this case, is 1.2 at
evaporation of high-melting-point metals. The kinetic enerdp/min. Because the determined doping rate is slow enough, itis
distributionP(E;,, ) of atoms in dopant beams is expected topossible to control the degree of doping precisely, and we can
be proportional to exp( E,), whereE,, and represent  easily make the doping rate slower just by using smaller Nb
kinetic energy and inverse temperatulg{Lks, Boltzmann  in this method.
constantT, temperature), respectively. In high-melting-point Whereas most Nb atoms are isolated to form one-atom-sized
metals, such as Nb and Re, we need a temperature arounddpgk contrasts figure 2 and b, some Nb atoms form clusters
melting point (2750 and 3458 K for Nb and Re) to have a bearit WSg (particularly irFigure 2). To see if Nb substituted in
ux high enough for doping processes. In this case, tN¥Se favors the formation of clusters or not, we calculated the
distribution ofE,, ranges typically from several hundreds oflloying degrekde ned as follows:**
meV to 12 eV, leading to substitutional doping without - 0
signi cantly damaging the original framework of host 2D v = Bod Ran< 100%
semiconductors. Also, we supply a Se beam withhigte  whereP,, and P,,4 represent the averaged number of Nb
(Se/Nb > 3000) during the whole doping process to heal Sgdjacentto a W atom and the atomic ratio of Nb in the examined
vacancies and enhance structural reconstruction to form wedlgion, respectively; concrete representatifpg andP,ynq
regulated substitutionally doped TMDs. In this methodare given in theupporting InformatioWhereas & of 100%
accurate and position-selextdoping becomes possible means no preference in neighboring atoms for Nb substituted in
through accurate control of the dopant beaowith a mask ~ WSeg, J,, smaller/larger than 100% means Nb atoms prefer
layer patterned on 2D TMDs. isolation/clustering. Counting 300 Nb atoms yigld97 and
92% for doping rates of 3.4 and 7.4 at %, respectively, suggesting
that the present Nb substitution occurs almost randomly. The
Figure 2 and b shows atomic-resolution high-angle annulabserved random doping indicates that Nb atoms may exist as
dark-eld (HAADF)-scanning transmission electron micro-single atoms or tiny clusters composed 8fd2oms in Nb
scope (STEM) images of a monolayer of,\W8® 3- and 6- beams, and after landing on a W&ger, Nb atoms are
min exposures of niobium (Nb) beams withua of 0.67 immediately incorporated into the W3a&yer without
monolayer/hour. Although optical images show almost nsignicant surface dision to form large Nb clusters.

Se
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Figure 2. (a and b) Typical HAADF-STEM images of monolayer \&f8&r 3- and 6-min doping of Nb. After applyitgubtract backgrourid

with arolling ball radius of 2 nm, a bandpa#ter was applied tolter out large and small structures, whose sizes are 2 and 0.06 nm, respectively.

All these image processings were performed with Imia@éak scale bars correspond to 2 nm. (c and d) Cutouts from the white squares in parts

a and b, respectively. Corresponding structure models are also shown. In the structure models, blue, green, and yellow balls correspond to W,
Nb, and Se atoms, respectively. (e) Image simulated with the structure model shown in part c. (f) Lias pfthe simulated (right) and the

observed (left) HAADF-STEM images shown in parts ¢ and e. The lindgsravere made along the direction indicated by the blue arrows

shown in parts c and e.

Figure & shows room-temperature photoluminescence (PLfprmation of second layers, metallic ilz®el attachment of
spectra of monolayer W®8efore and after a 6-min Nb beam impurities are not observed. X-ray photoelectron spectroscopy
exposure. As clearly demonstrated, the doping process cauggd®) has shown the existence of Nb atoms (Nb 3d peaks) and
signi cant decrease in PL intensity; the PL peak arises frodoping-induced red shifts in the W 4f and Se 3d peaks in the XPS
radiative recombination of bright excitons at the K/-K valleyspectra of Nb-doped WSehich is consistent with previous
The observed reduction in PL intensity is consistent with carrierorks Eigure SB***® Considering all results, including
doping induced by the substitutional doping reportedHAADF-STEM, EDX, PL, AFM, and XPS, it is reasonable to
previously?® ¢ In addition to the decrease in PL intensity, conclude that substitutional Nb doping, which leads to hole
PL peaks shift to the red side, which is consistent with th@oping, is the dominant process in our postdoping method.
previous works on substitutional Nb doping; the increase in holeTo address the mechanism of the present doping process, we
density and possible strain induced by Nb doping can cause theve performed aab initio molecular dynamics (MD)

PL red shift® Corresponding Raman spectfagire B), simulation, where an Nb atom with a kinetic energy of about
where Raman peaks arising froramd E at around 250 crh 300 meV is injected toward a monolayer of #igelar results

are seen, showing intensity reduction, also compatible witkere obtained with dérent kinetic energi€sgure Syt Figure
earlier work$”?° Typical AFM image and height ges before 4 shows snapshots of the structural change upon the injection (a
and after dopingF{gure 8) show that the thickness of the movie is available aSapporting Information movik). As
original WSgdoes not alter after a doping process; theseen in the snapshots, the Nb atom hits a W atom, followed by
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Figure 3. (a, b, and c) Typical PL, Raman spectra, and AFM images/heighepad a pristine monolayer of W,Sand the monolayer of WSe

after 6-min doping of Nb. Red and blue curves correspond to spectra of the pristine sample and Nb-doped sample, respectively. We used the
excitation wavelength of 532 nm to measure the PL and Raman spectra. Intensities of the Raman spectra are normalized by the Si peak at 52(
cm 1. The maximum and minimum heights shown by the color scale in part ¢ are 4.5 and 0 nm, respectively. The AFM hégght pro
correspond to the height along the white lines shown in part c.

formation of not the hexagonal network but mirror twin
boundarie¥’ As seen in theb initioVID calculation, Nb atoms
injected are rapidly incorporated into W&enout signicant
surface dusion. In this case, the formation of Nb clusters is not
likely, which is consistent with the analyses of STEM images,
random Nb doping.

One of the advantages of the present doping method is
position-controlled doping. For this purpose, we deposit a
patterned mask on a monolayer of YWS$eelectron beam
lithography with an inorganic resist (Hydrogen Silsesquioxane,
HSQ); HSQ is stable up to a process temperature of 823 K.
Figure shows optical and Raman images of WitBean HSQ
pattern after 6-min doping. The green and orange frames in
Figure @ show a monolayer of W8e a hBN ake and HSQ
patterns (rectangular bars) fabricated on,MEé¢. To
con rm the spatial distribution of the Nb-doped area, we have

the release of the W atom from the original position. The Viperformed Raman intensity mappifigure 6), where image

atom released moves around the original position during ti§@ntrasts correspond to Raman intensity. As clearly seen, the
simulation time (3 ps). As mentioned above, we observed no ¥&9ion exposed to the dopant beam shows quenching of Raman
or Nb atom on the WSéayer after doping processes, whichintensity, whereas the region covered by the HSQ patterns gives
means that released W atoms are incorporated into the WS&ong Raman intensity, giving the dark/bright contrasts pattern
again. We perform the doping at 823 K with the supply of S8 the Ramanimage showhigure b. The observed patternin

with a high ux rate of 2 A/s (Se/Nb > 3000), and structural the Ramanimage matches the HSQ pattern well, consistent with
reconstruction to recover the original hexagonal network occ@atially selective Nb doping via HSQ patterning. The spatially
under this condition. The highx Se supply during the doping selective doping is expected because the doping processes are
processes is probably essential to form the hexagonal netwaekformed at 823 K, which is low enough to inhibit the thermal
structure because injecting Nb atoms alone results in tl# usion of doped Nb atoms in the framework of, V&een

Figure 4. Snapshots of tlad initiomolecular dynamics simulation
of Nb atom injected toward monolayer WSearts a, b, and ¢ show a
snapshot after 0, 40, and 100 fs, respectively.
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Figure 5. (a) Optical microscope image and (b) corresponding Raman image of patterned Nb-dopeRiaivi@a intensities from Aand 2LA
are used to make the Raman image. We used a Nb doping ratio larger than 10 at % to enhaneaheedin Raman intensity for this
measurement. The scale bar corresponds tad 0T he excitation wavelength 532 nm, the excitation power 3¥.&nd the exposure time 30 s
were used to obtain the Raman image. The Raman intensity is displayed by grayscalel86600ounts.

Figure 6. (a) Transfer curves of monolayer \W@easured at room temperature. All devices are on the same substrate, and 6-min Nb doping
was performed before the measurements. The black curve represents a typical transfer curve of monglagéréiie doping. Red, blue,

pink, yellow, and green curves correspond to transfer curves of FET devices (after 6-min doping) locagedrttplsitions in a substrate. We

use channel length = 20n and channel width = 20m in this measurement. (b) Transfer curves of pristine multilayer Mig$ack) and WSg

after 1-min (red), 2-min (green), and 3-min doping (blue). All transfer curves were measured at room temperature with a bias voltage of 10 V
(channel length = 20m, channel width = 67m).

that lateral TMD heterostructures grown at high temperaturdsom lowering the Schottky barrier induced by the increase in
( 1000 K) give sharp junction interfaces, the temperatureole density. Thp-doping was also caomed by an upward
needed for thermal dision within the framework is supposed shift of Fermi energy in angle-resolved photoelectron spectra
to be much higher than the temperature in the current dopingnd scanning tunneling microscopy/spectroséapyr¢s S6
processes>* The high-temperature required for the thermaland SY. A critical point here is thaktype doping occurs
di usion means that substitutional doping with nanometer-scalaiformly all over the substrate because of the uniform intensity
precision is possible in the current method, leading to thef Nb dopant beams; the current size of the Nb beam is at least 2
possibility of realizing arrays of FETs with ultrashort 2xm, which is larger than those of the substrate used.
channels in the future. Because the present doping method is a postdoping method,
Figure @ shows two-terminal transfer curves of i¢&ee it should be possible to increase the number of dopants
and after a 6-min exposure to a Nb beam; we wsed afterward-igure & shows atransfer curve of a pristine bilayer of
monolayer WSegrown on a Sig6i substrate for this Nb  WSe and transfer curves of the same bilayer of &#Se
doping. Theab initioband structure calculation of Nb-doped several consecutive Nb postdoping processes; electrodes can
WSe (Figure Spshows that the Nb atom doped yields a work even after multiple times Nb postdoping processes. As seen
localized state around the VBM of WShkowing that Nb  in Figure @, all transfer curves show expligipe action, and
should work aspadopant. As seen in the transfer curves showt,, increases in a stepwise manner as the doping process was
in Figure @, the on current {,) before doping is very small, repeated, nally reaching 18 A after three times doping;
typically 100 pA, probably due to considerable contaciadditional doping led to a decreasé,jnprobably due to
resistance from the Schottky barrier at the interface betwerrreased Coulomb scatterings from increased impurities. The
Tiand WSe In contrast, after doping,is greatly enhanced in observed increasel jndemonstrates that we can tune the Nb
all cases, typically four orders in magnitude, and all devialsping ratio afterward, making the present postdoping method
clearly shovptype behavior consistent with previous worksuseful to fabricate various functional devices. One more critical
(Figure @)1%**3* The observetl,, increase should originate point of the present postdoping method is that the same process
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should be transferred to dope various dopants to 2D Ab Initio Calculations.The geometric and electronic structures of
semiconductors; dopant atoms are expected to be dop&-doped WSavere investigated using the STATE package based on
regardless of kinds of atoms unless atoms posseiesitsu density functional thectyThe generalized gradient approximation
kinetic energy/momentum. We also performed Re doping Wifﬁith the functional forms of PerddBurke Ernzerhof is adopted to

. 1 scribe the exchange-correlation potential &fiergiye electron
a Re beam to demonstrate this transferability and found that tﬂ% interaction is treated by ultrasoft pseudopotdhtiais. valence

postdoping method developed also works for Re B \yave function and deit charge density were expanded by plane-wave
S9. PL spectra before and after Re doping show results similgisis sets with cutenergies of 25 and 225 Ry, respectieiyitio

to those obtained in the Nb doping, where the decrease in Rholecular dynamics (MD) simulations were conducted with the use of
intensity is seen after Re doping. A HAADF-STEM image oftae velocity scaling method to maintain the temperature at 300 K to
Re doped sample shows a bright spot at a metal site, which is &wgant Nb into WSeNb atom has initial velocities of 0.01, 0.3, and 1
consistent with Re doping; we used MioSésualize doped Re eV toward the WSkayerAb initiccalculations were conducted with 2

atoms. The FET characteristic showype action after the > 2 and single points for static and MD calculations, respectively,
doping, which is expected in the case of Re &Bping under the 6x 6 lateral periodicity of WS&ith Nb atom. Atomic
' ) coordinates were optimized until the force acting on each atom became

less than 5 mRy/A.

In conclusion, we have successfully developed a postdoping
method for 2D semiconductors, including MaSd WSe * Supporting Information

The key idea is to simultaneously use a low-energy dopant b Supporting Information is available free of charge at

and a highux chalcogen beam, leading to accurate post dopi ) :
of p/n dopants substitutionally into 2D structures. AtomiCTﬂtps.//pubs.acs.org/d0|/10.1021/acsnano.1c04584

resolution HAADF-STEM observationsatmihitionolecular Optical images of a monolayer of Y¥8éore and after
dynamics simulations have revealed that low-energy dopant Nb doping, a typical EDS spectrum and corresponding
atoms can be directly incorporated without damaging the  €lemental mapping, the ditions of] Po,s andPang
original lattice to achieve uniform random doping over the ~ XPS spectra of a typical W&ad Nb-doped Wge
whole sample. Also, positiselective doping has been shapshots of a Nb atom injected toward monolaygr WSe
demonstrated by combining HSQ patterning and the postdop- ~ Pand structure of Nb-doped monolayer \\es&l
ing method. In principle, the same approach can be applied to corresponding wave functions, band dispersion of pristine
other high-melting-point elements, such as transition metals and ~ trilayer MoSgand Nb-doped trilayer MoS&TM and

rare earth metals, providing opportunities to tune the Fermilevel ~ STS observations of Nb in a Nb-doped W&ked

and the band structure of 2D materials. The postdoping method ~ characterization of Re-doped sampies)(

with controllability and broad applicability makes the present ~ Movie of the structural change upon injection of an Nb
method useful to develop the next-generation 2D-semi-  atom with a kinetic energy of about 300 meV toward a
conductor-based nanoelectronics. monolayer of WSEAVI)

Sample Preparations. We prepared Wgand MoSg by the Corresponding Author

mechanical exfoliation or chemical vapor deposition (CVD) method on R ; ; ; ;
o . ' yo Kitaura Department of Chemistry, Nagoya University,

a SiQ/Si substrate according to a previously reported proc&tinee. _ ;

prepared TMDs were put in a vacuum chamber (base pressiire is 10 Nagoya, Aichi 464-8602, Jaj-aorrid.org/0000-0001-

Pa) and were heated up to 823 K. We started supplying Se (99.999% 8108-109XEmailr kitaura@nagoya-u.jp
purity, SigmaAldrich) with a Knudsen cell when the sampl thors
temperature becomes higher than 623 K to avoid unwanted formati . . . .

of Se vacancies; the supply rate of Se was kept constant (2 A/s)Yuya Murai Department of Chemistry, Nagoya University,
throughout the doping process. This preheating process makes the Nagoya, Aichi 464-8602, Japan )

sample surface clean, which is required for the following metal dopingShaochun Zhang Department of Chemistry, Nagoya
process. After the preheating process, we decreased the sample University, Nagoya, Aichi 464-8602, Japan

temperature to 523 K and start supplying dopant (Nb or Re) with an Takato Hotta Department of Chemistry, Nagoya University,
electron beam evaporation (EFM 3, FOCUS GmbH) fb% Inin Nagoya, Aichi 464-8602, Japan

with the supply rate 0.6Z.11 monolayer/hour. ZhengLiu Innovative Functional Materials Research Institute,

Characterizations. Raman and PL spectra were measured with National Institute of Advanced Industrial Science and
microspectroscopy systems (Jovin-Yvon HR-800 and Renishaw InVia - .
Raman) with 488 or 532 nm CW laser excitation. The laser was focused Technology (AIST), Nagoya, Aichi 463-8560, Japan;

onto samples with objective lens@&)( 100 and 0.70.85 NA), and orcid.org/0000-0001-9095-7647 )
Raman and PL signals were detected with a charge-coupled devicdakahiko Endo Department of Physics, Tokyo Metropolitan
(CCD). All measurements were carried out at room temperature under  University, Hachioji, Tokyo 192-0397, Japan
atmospheric conditions. Electronic properties, including transfer Hiroshi Shimizu Department of Physics, Tokyo Metropolitan
curves, were measured with a semiconductor parameter analyzer University, Hachioji, Tokyo 192-0397, Japan
(Kethley 4200-SCS/F) at room temperature. _ Yasumitsu Miyata Department of Physics, Tokyo

Optical responses were obtained with a homemade microspectro- Metropolitan University, Hachioji, Tokyo 192-0397, Japan

tse‘ﬂ% ;};ztrzmbyHﬁgﬁg_aa%%Q?Eész ZEO'\gFim:gESE‘I’_VEl;eNfa'(‘;Eﬁm rOOMToshifumi Irisawa Device Technology Research Institute,
emission gun) equipped with a CEOS ASCOR corrector, operated at _IFIat'r? nall InstltAultSe_|9f #dvingedllbndusk'grlsagss (élgzgscejand
120 kV. For each frame of the STEM image, the fast scarbrage 3 echnology ( ), Tsukuba, Ibaraki i » Japan

per pixel is used. Several frames up to ten are overlapped after driff@nlin Gao Department of Physics, Graduate School of Pure
compensation to form a HAADF or ABF-STEM image. EDS elemental  and Applied Sciences, University of Tsukuba, Tsukuba 305-
mapping is performed by using JED-2300. 8571, Japary orcid.org/0000-0002-4587-5391
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