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KERITIC X 5 BEHEER B ZF A L7 WSe FET @ p BIgh{E
Dp-type operation of WSe; FET by the stack control through surface segregation
VIRR2FEER LR O BlE— 1, vRHEnfe !, efibf] !, BRPEw] 2 S S, Ry
OR. Nakajima', T. Nishimura!, K. Kanahashi'!, K. Ueno?, Y. Miyata® and K. Nagashio'
E-mail: nakajima-ryuichi@g.ecc.u-tokyo.ac.jp

TRt CMOS FEHUZIE p A FET OFER EARAMETH DA, a7 Elk T4 B HERFED
KMGHERTE RS & DAREHTE~D 7 =L 2 L~ULE = Z(FLP)AS p MEMED K& 72508 & 7
STWA L Foex1IT 3 AERL T & 292 Bi/Au B REMT O Bi 3 Au F A _EICRENT L7
TERFEA L. ZHUXNIMS OEFR OB RFMINCE VA TE 7 TANEDY | KRR
CEVUTOXIICHHTES 2 Fig.1 TRTLICHEIRTERET =— V&2 & X7 AHH
T RIVX—HRDOEI )V FN R E RN S 508, EREM O T =— L TIXR O L EMED RS
TRILX—FHE L LR ERCTIRESND. WETRLX— T EICERT /X TR
572, Bi/Au ZJERMEELHERFT D L0 b RETRAF—D/NEW Bi A Au RIZER#ERIT L7
FNTZR VX - BETH DO EHHTE 5. TexlIFEx RERORE TRV —%2 ML
ToRE 5, Bi OFRE TR /LF—(~0.5x10* J/em?)T1F & A EDEBAERE 2x10* /em?) L D 503720 /)
SWNWZ EnGno T, RIS TE D7D KK AITEW R OV Bi(~4.3eV) LTS
Bk D E Au 2 HEREH, Bi 2 RERWITC Au EICBE) S5 2 & CHEARMZ 2D/Au vdW SEE
IR SN D . AR TIE, EBEE CRUMEFREEOE W PH(~5.7eV)IZEHR L, Bi OXHE(R
BraFIH L7z WSe D p BUEHEIZBI L Cifgam L 72\,
90-nm SiOx/n"-Si Kot 1T HEARFIRE L 72 WSe, Z#55#%, 10-nm Bi/30-nm Pt 4 755 L T Io-V,
WEZIT TR % Fig. 2 (3T, 7 =— VRIE Bi HUROFF L 1T & A EREEOTRV n Bl Z 7R LT
B, Pt OFEN 10nm/E X O Bi B L0 WENALFICOIVEES N T\ Z E DR TE 7=,
Z D% 300°C 7 =— V& fEd 2 & T p BIEFE~CIBERE LT, FFET &L LT n BIER A E
LTEY, ZEn oy a vy M —fERER INIEFICRES ar 27 MEPisE L po72 2 &
R L TWS. T7205 Bi/Pt g REMOREME L RERITICLVESE5Z LT, &M
DI FEIEZ WSe, DAREARITFH ) DANE FAEfF AR S E L Z Rk EX BN S.
Bi/Au EBMIZHBWTH T =— M X DRHEEIZR S =2y, EFEEOBEW Pt O NELE: p
RENVEICITAFITHS.

AEIOFEIC LY B p B WSe, FET DOEILUCRKE < IT3W 2. HAKBIIC Bi BT n A,
Bi/Pt &}y N7 =—/LC p # FET Z1EY 431F, Fig. 3 D X 9 IZH— WSe, T ¥ /L& H = Ik

JC CMOS 1FR IR S % .

(235 3]

! D. Xiang and T. Liu, Nat. Electron. 4, 868 (2021). > M. Yoshitake, et al., J. Vac. Sci. Technol. A Vacuum,
Surfaces, Film. 19, 1432 (2001). HEE T, £TH &, 2005, 44, 119.
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Fig. 1 Schematic energy diagram
of segregation vs reaction.

© 2023%F [SRYEES

Before

After  annealing

0.2 annealing
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Fig. 2 I4-V, of 4L-WSe; FET with
Bi/Pt contact before/after annealing.
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Fig. 3 CMOS fabrication
scheme by contact stack control.
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“RERFEEEERW:TUOF - TIUONAR—=F FSOPREIZEKD
ASY 9 A AT RFORR

Development of logic-in-memory using anti-ambipolar transistors
based on two-dimensional thin films
hEE s BE B AR BRI ER,
i B R EF, EE KR, #0 &, 5l @
NIMS, ©Yoshitaka Shingaya, Takuya Iwasaki, Ryoma Hayakawa,
Shu Nakaharai, Junko Aimi, Kenji Watanabe, Takashi Taniguchi, Yutaka Wakayama

E-mail: SHINGAYA.Yoshitaka@nims.go.jp

[IXU®IC] ATl RooFE g 2 L5 bW CRIR CAMEIPUEL U=k %2 0R
TTF T oNAR—T N T VAZAANZER L. T a7 V7 — MEEIZT 5 Z LItk » T,
MHEEAZ S EER, SbIl7e—T 47— MIOREEE AT Y ZEAL T, iwEREEAD
U & ATREIC L2 RIS O W THE T 5,

For ik, ZiE TP RYSER b N BSERN T v RV YE T PN #2482 49 5 Rk 72 A 1%
NGO RE (ToTF T UoNAR—=TFT N T VAHX) ZREL, BRTAMITEDL FLA EIR
ORI U720, A8 R TR LN 2 E TOMRZTED LT, IRICH#EBEM & A7
AAT ZFDORAF~ERBH L, 727475 — MO AATZHWT, by 75— BIOR FLF
—h2 AT, FLAUEREHE LT, ANBEERELTHZ LICL > T, B—F 1 TAND,
OR, NAND, NOR, XOR, XNOR [ 2 FH L7-F, 4EL, AEAEVELE L7 XY av 7=
VEATIZHDAX—KRY AF L (ZnPe-PSy) Bl FHWT, AV EICEMEETIALZ L2k
DIRBEEEOHEAZY VRS LN TE DL A2FEIELT-, ZOMBIIREEERK E A€
FErE MLz aY 7 A4 AE Y ORFRBIZENS
[%ﬁk;ﬁ#ﬁ)W%#%MAXHWQ%NM#%W&UTM&%%M%Mﬁmko%m%
ﬂ%%ﬁiof@%bkw%g%&7V~7%HEMMBX?Vf%ﬁ%f\bm&ﬂ:%&
WSe, DIEIZ 7 L—27 O—ENERVE 95 L HIZHEEG L, ReSy EiZiE Cr/Au Efi%Z WSe, EIZIZ
MMu$W%%n%n¢%Lto%@&\W%Lk%ﬂ%ximf%ug%xeyn~%%mi
DEX20nm T LT, &HICh-BN 255 L, ZOJEHZ SiO A& IZL > Ty —L L2
ko 77— N B AT CT AN AR SER ST,

H@@?ﬂ%X%Lmﬁﬁl%%bfv%>mwmﬁ?ﬂ4xfﬁgntb3/x77 H—
TThHDH, BIAEBLEELTISVE Ry 77— NMIHIMTAZ EI2E D, AFVBIZHA—/LDEH
T BH72 AAT DE— 7 EEIZ-05VINH-12VIZY 7 M T2 E0ngmnd, itﬁfﬁfkbf
+15V % b v 77— b mm¢5 k;oTMW@E~7$FiOW¢ﬁ%O_®%@%ﬂmb

TBHEOUE 21T o 72, KE)IZA TV BICEMEFAEETHZ LIZE->T, AJEEDOM
BAEDEEEZDHZ 72, XOR & NAND OUIEENAEETHLHZ L H2#FK L TWD,

Vy=-03v 15V
(a) HHAE 2 (b) 90 . (C) " programmlné;
programmin
llop Gt ‘ -80 ‘g—— e -5 it erasing -5 NAND
V'r'-l'olﬂ:]'x- S0, 20 erasing -4 +15V 4
-PS - ON
wse, ReS, g t g3
< ooy LETR eSS = B
Si0, E 0 -1 e = 1
\ Si(Bottom Gate) \ = 40 5 5
_. ., 0246810 _. _0246810
-30 vesv| S 9 S 9
{ A~ Lo =i =X =
a«r n\éo-cn,'.vsh -\ ,L,'V:S.CNIL‘OB' [':n 20 [—initial bg B :1]; >_a ;1:15
L on M : e ) .
Wz \ 10|—Vi=-15, 105, 4 puise | Ve=-1V 5 0246810 5 0246810
PPNy ——V,= +15V, 10's, 1 pulse S0 [—‘ S 0 m
™ T oten ) 8™ " so‘)l‘og;‘ e ol 03 2 2 1 0 1 2 ;’9’ :% ;9 :121
o - - -
) -6 6
ZnPc-PS, ! Vi (V) 0246810 0246810
tg Time (s) Time (s)

Fig. (a) Device structure of dual gate AAT fabricated using TMDC. (b) Transfer curve obtained with the device.
(c) Switching of logic operations between XOR and NAND.

[2%E3CHR] [1] K. Kobashi et al., Adv. Electron. Mater. 3, 1700106 (2017). [2] Y. Shingaya et al., Adv.
Electron. Mater. 9, 7 (2023). [3] J. Aimi et al., J. Mater. Chem. C, 6,2724-2732 (2018).
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Creating a monoatomic-length-gate transistor with low-environmental-load materials (1)
RALKES ., BB 2 RILKRAH S, WREEHREHE OBF FH! E4K X&F!?
RE FMEL AR FR2 0K HEEE2Z XIE X0° =ik MEs, EE —#4Y g g
RIEC, Tohoku Univ. !, AIST 2, IFS, Tohoku Univ. 3, NICT # °Hideaki Sugino?, Fuminori Sasaki?,
Kazuki Yonekubo?, Toshifumi Irisawa?, Takeo Matsuki?, Daisuke Ohori®, Kazuhiko Endo?,

Issei Watanabe*, Hirokazu Fukidome! E-mail: hirokazu.fukidome.e7@tohoku.ac.jp

WA MEREE (Beyond 5G) 1E, HAENZT CT—IKELLED ICT Mtz L8 L, AR
REAM R E )RR, 77— FEZ 8nm L FMICTE IR, KRR AN 72 R ooR I LV
Beyond 5G (Z& T 25 THZ HEMET D N7V P AX OERNBAETH DL ENT AL A I a2l
—va kD PHlETWA[L],

FxlL, EEEMNEEZAT2HBETEN DD T — MOk Ui At L C R oo i1 g 4 B
RLTHEESELZ LT — FRERF—EOMIRE CTHEME L, 7o, kXD b R H
NCTTHZ HEWET S b7 0 P AZ OAIMEOT Fu Z4E/RRIFEISHICE Y $A T 5 (Fig. 1) [2],

AFELTIE, SICEKREICKESEZ7 77 2 A THIEFEY — b 23 fE LT, SiC 2K
Rl 7 v EgESE, RIS, SEA Aoy F o7 2Hni=F 2 mTicky, BEAE
F— MEEEFEB L (Fig. 1), Al EFIEITS — F 0D OES MO EM) & OEZIZ T L7
WE T DIOITIBR LTz, ZoO%EBE, B Raman 730tk K OWi TEM B2 LV 5E5GES
NTWo, IbHIT, 7— M (ALOs) OB & 7 — M E~OpRICH FH LT,

KEMIIEFREUV VY T I7 7 4 —2RELTHHDTHY, F v R~OHEEHE UICHRIR £
TOS— MIMLBFTRETH D &V 2 IEFITENTFRZ AT 5, AEAN & Z RO =
WICIRI LR A3 & DALY, B RS — k- b7 22 ORI IR S5 (Fig. 1),

ABFFED L, FALKZOBLKBEMET T/ « AV ERIER-C R — L&t v ¥
—ETT ST, AAFFEO—EBIE Beyond 5G AFZEBRFSMEER 3 R 59) I X W Bk ST,
[ 3C#k] [1] K. D. Holland et al., IEEE Trans. Nanotech. 16 (2017) 94. [2] WKEA T —fth, #5FE 2023
-095711 ¥ X T* 2023-095712. [3] T. Irisawa et al., IEEE. J. Electron. Dev. Soc. 6 (2018) 1159.

4 R . N - S
HEFES— b ' (AHR) g;i-;% Graphe F/ v'\lbﬁﬁ#ﬁ
- bIvYRA OEIS e aemm  JREESAES
:—T; B 777
P o
| 4
o 3 s MERTHC TERBERIAE
T [ZRTRFEE “..::335 - E B =% B 35 2.
D= RITHER | RTER
MR T —fth, FFEE2023 B RER AT & T. Irisawa et al.,
S0 z0mm J. Electron. Dev. Soc. 6 (2018) 1159.

\_ -0957114 £ UR2023-095712 %

v

Fig. 1 Schematics of the monoatomic-gate-length transistor.
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PVD-WS2 JE~AD Cl; T3 X REIZ & B
F—EVJTOMBRETVFUOIDORE
Effects of doping and influences of etching by Clz plasma treatment for PVD-WS; films
RIXK MRE BEKX D)5+ 1Bth, ER XE RE &, EH B
Tokyo Tech, °Keita Kurohara, Shinya Imai, Shigetaka Tomiya,

Tetsuya Tatsumi, and Hitoshi Wakabayashi, E-mail: kurohara.k.aa@m.titech.ac.jp

[F#]

TMDC (EB@RZ A /a7 F A

R) BUIEVE T A ADIEICIER ST
N1, Fv VU T7TEEOHIBEIFREE 72> T
%o WS IRE HIZ 7T R~ LB A Ji 3 & T ARk
O R—=_y FnFEEENERT D2 &N
WESNTWDIR], £, AT & bl L,
R TN TE A G ICFRHEE N TE D
EWVIFIEND BH[3][4], & Z TAMFFETIL,
WS, BT Cly 77 A~ ALBR 2 s A T i AT DU
THET 2,

[52BR515]  SiO, (400 nm)/n-Si AR 112 60
nm OE(T X EMAEER L, ANy ZIET
WS, 54 5 nm A pRBE L7z, WS I fi i ICP
Zf#iF L Cl, 10 sccm, RF &) 5 W, [£7] 0.4
Pa THLEERFHZ 2, 7T A~ WBLAAT > 72,
KBICHERMES FTHO7 =—/L% 700C 60
AT ol — MEHUERIE I CTLM &
ZITWV[B]. BEEHIEIZIT TEM & XRR HIE %
1To7,

[FER & E£8] Fig. 1 & Fig. 2 123 — MEPLE
EEERE OFER E ENEIVRT, Clh 77X
<AL % 5 FUfE L7 WS, T — NPT
Bt SnTe, —J7. 20 BREE T — b
BHUIRQBL L 220 5 700 As | BEE D LTz,
T— NMEPUE & BEE D B FH L2 EERIIR
PR L 5 FPALER 20 FMALERCENZE I 0.462
[S/m], 1.26 [S/m], 1.16 [S/m] T & > 7=, WS, I
Clp 77 A~MBZ LY, F—E 7Ly F
VI BRI & TV A8 BRI L Y

Iy VTEENEMLIEbDEERZL R D,

600

Sheet resistance [MY/sq.]
Film thickness [nm]

Fig. 1: Sheet resistance and film thickness

dependences on Cl, plasma treatment time.

Fig. 2: Cross-sectional structure of WS; films

(a) w/o plasma (b) w/ plasma for 20 seconds.
[B&E] AWFZED—EE, ¥ =— « BRI KIL[F
WFFERRIEE, SRR I Xonics -5 KA
A LS TR 553 (0PS011438) . BHAJF 2 (22K 04181)
DI ZEZ T b DTH D,
[2%&3CHR]
[1] K. Hippalgaonkar, et al., Phys. 95, 115407 (2017).
[2] J. Jiang, et al., Small 15, 1901791 (2019)
[3] L. Yang, et al., Nano Letters 14 (11), 6275-6280 (2014)
[4] A. M. Rivera et al., J. Appl. Phys.120, 105102 (2016)

[5] T. Hamada, et al., J-EDS 9, 278 (2021)
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21a-A202-5

Ni/ALO3/R /8y R WS, aA VA9 FOEREEEM

Current-Voltage Characteristics of Ni/Al2Os3/Sputtered WSz Contacts
EIK. OB)¥f #. (D)$3 Hr. MRR FK. BFR #HE.
NIFRF =5, RE FEt, BI5 Bz, K B
Tokyo Tech, ©(B)Kaede Teraoka, (D)Shinya Imai, (M)Keita Kurohara, (B)Soma Ito,

Takamasa Kawanago, Iriya Muneta, Kuniyuki Kakushima, and Hitoshi Wakabayashi

Email: teraoka.k.ab@m.titech.ac.jp

[#5 5] TMDC MED—>Th 5 Fifk#
YT AT (W) 1E, T UL OISR
IR WTEBEELSAY Ry v 7 %
FFOZ &mb| BRx 27 A 2SS HIFF
SINTWD, ARy ZiEE, WSy I 5
PE 255 MoS» 12 B\ T KRB F
U T EEDRBENAIRE T D LRI T
WHFIETHD[], =27 DS 6
BRI L o % 7 N ORI HERRIE 245 A
T DAL, BRSNS DRE08H D
[2-3], AHFZETIE, Ay XKL 72 WS,
L a2 7 PO xS LT ALOs
fEAFRAT S Z & Carv s MEEOUE
W N

[ 3282 51£] SiO/n-Si Fbg Bz A8y # ik
XD WS, % 5 nm AL, R KBGO
HO=OMEFHRT 7 =— L &iTo 72
%, ALD (24 Y ALOs % 1-2 nm HEFE L
72o U7 MAZIEIC XD Ni % 40 nm HERE
L7V 75— M2 L7=D 5 Circular
transfer length method (CTLM) I #1T > 7=,
[SZBRAE ] ALO; A 1 nm HERE L 7=
&L 2nm HERE L2 b O DOEEEBRENED 9
H, FY FVE 5um OHL D% Fig. 1 1IR
T, EbobA—I v I REER LT,
ALO; ENHEWN 1 nm OHDOTIE 2 nm DB
O L i U CERMEA R L, M
HUMEE R R VERPER L2 &5

X bivd,

|(E=0) N A N BN T J L N A
ZE&Targ s MEFIOYENHIRF SN D,
[BtEE] = OWFZEO—EIi%, SCHRHFA kAt
8 Xenics - K A AL L ST R F 2
(JPS011438), & O* JSPS FHiJFE 20H05880
Rk EZ T D TH D,

T T T T T T

1t

= 3 points in each wafer

< L .

A=A |

£ | |

=

w 0

‘.t_U' L 4

& | — AlLO; 1 nm]

S - A|203 2 nm-
_1 .

-2 0 2
Voltage [V]

Fig. 1: Current-voltage characteristics of WS,

film with inserted insulating film by CTLM.

(2% 3R]
[1] T. Ohashi, ef al., Jpn. J. Appl. Phys. 54.4S
(2015) 04DNOS.
[2] W. Park, et al., TEDM (2014) 5.1.
[3] N. Kaushik, et al., ACS Appl. Mater.
Interfaces (2016) 256-263.
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BEBEAL AT-VSe: EMEILA TV ICHEITSHEEE - REE
Robust and low-voltage ReRAM operations in 1T-VSe; with an Ag electrode
BEFERRREET !, I EARBRET 2,
oSMDF EXLFEA KR! LB EF? LUX EKA!

Kansai Univ. !, Saitama Univ.?,
°Yuta Nakamura !, Mitsuru Inada!, Keiji Ueno?, Mahito Yamamoto'

E-mail: k339514@Kkansai-u.ac.jp

P A T Y (ReRAM)IT., LWl & OIPIEIE % & F B CHe AL 72 iR+
FERMERAEY O—FTHY . BIEEINC X » TIERPUEA LB S LS5 2 LN T
HZENLRBLHEAS R B TNTHEITIRER (Vv 7 A AF Y | ~OISHNHIFF S
NTW5, —F, ReRAM IIIHIALIE 21T 2 EEM S A DK & W X > TR
SH L OMEEIN LA E L EBERRLETHD EWVIFRENH - 7=, ARAFZET
X BEMORBRIRWE TH D 1T-VSe, A HIZA VE, EMDO—>%8(Ag)L L7z ReRAM |2
BOTEWEEE 0.1£0.01 V OIKET « ZEBELZ LT L0 THET 5,

TEREEMRE S1/Si0, (285 nm)Fabk HITHEMGHIBE L7277 7 7 A4 M &z, 1T-VSe, /31
7 Bk D PDMS EIC RS CHBCHIBEL . 777 7 7 4 b RIC#RE L7, VSer ITME{LIX
JEPEDN BN O BTN TP 7 AVOYENTER SN TWD Z EN TSNS, £
D%, BEHIMEFKFE T K > THUE 80nm D Ag Ehiz VSer FICIERL L 72 (Fig. la), 1ERL7-
SR O — BRI, REAH,. |IRTITo 7,

Figure 1b 1X, Ag BMRIZADEEZEHIIN L CROER-BEFMEZ R L TWD, EHE-0.1
V i CEFRMEA 2RI 7T HIZ EEI L, EIRPUIREE & 72 > 7o (set), T OIRIEPUIRAEILEE
ZOVICRL, BEADOEBETLZAML THRZNTND Z R0 -7, —J., Fig lc lZR
T2, Ag BMICIEOELEAZHINT 5 & BMMAENSBEIHED UsiRduikEiz 2 Lz
(reset), Z D & X EHRPUIRAEIZ 72 2 BIE(Viese)l T AKIEHUL L 72 B E (Vi) 2> B B LRI A 15
I L72BIEE TOEAVe)DlTIEIF L, AVt~ 1 VDL Z 1L Vieet ~ 04V TH O T2 AV g <
100 mV D & E1F Vieset ~ 0.1 V ETHEAD LTz, EORFERROHEZ MY K LTSz L 2 A,
set & reset 2% 0.1+0.01 V OBJERPENTHEMBREX S Z 800 o7-,

Wiz, EEEMmE 7T 7 7 A MIAEZ CER—ETEFMEZHR 2L 2 A, set & reset 235F]
INEJEDRRPEIZAR B e\ =R — T ORI LBEMEZ R LTc, £72, £ OBROEEEFEIX
AT LI RELSEILL, RT25VUUEERDZZEbH o2, IEDRERLY, /597
7 A b EIEME L CHVZ VSes ReRAM Tl VO, NOERZE K IEIZ sk U8 E M7 ¢
TAY IR SID T, Ag ZHWTHE1E Ag R 728 VO RNIZIER T 2 2 L T&
BN ANER S, IKEE - ZEBENERINT-EEX LN, #ETIL, Ag = EM
&5 VSer ReRAM D V) i UMHMECPRFERRFE 72 Sl >V T higam T 5.

— AV, F13mV
Reset — AVg,F78 mV
— AV, =98 mV

—— AV, =104 mV
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Figure 1. (a) Schmatic of a ReRAM stucutre based on graphite/VSe»/VO,/Ag. (b) The set behaviors
of the ReRAM device. The inset shows the optical image of the ReRAM device. (c) The reset
behaviors of the ReRAM device for different AVt
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(Fig.l) |C¥EH L7z, GeCHs I3 1.8 eV DOEHENL RE ¥ »

THED . IEALBEIEN 1.4X10% cm¥Vs & FiG Tl én(—b\zsno — 3%@(4.5 mW/em?) |
2B, Z D GeCHs DR\ v U 7 BENE & Al fiER O/ R 20r P Vesm1V
¥ v TING, F7//X&%k7z\4xm@mﬂqz)ﬁ;q¢#ghfj 154 1
W5, BEEORETII NI vV RAY OBHRAERIC Nhﬁ@b{ﬁm- 1
WD LS LR, ABFFECIENI 2 Y — A« KL A VEBMIC 5k 1
Uz GeCH3 I k F o U A & O SEE TR DR 217 - 710 0 L '
-40 =20 0 20 40
Ve V]
[i??ﬁglw L. GeCH, O BB C b 3 Fig.2 Ips-Ve characteristic of GeCHs FET.
CaGe, & CHal, H0 Z¥# (CH:CN) 12, R

T T T

7 HIEIBHE L7k, AL, CeGHs 21572, 55
NTRE AR (o-v 7 aa B y) h ol
WEIINC & > ToHre- iR b Lo, o3 Bk & 0
GyBE L D BB A SiO/Si FaR IS T L,
RS E 5 2 L CHIRE G, T~V AT b
IVINHHEREY) S GeCHs TH D Z L AR LT=D ~—
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Fig. 1: 14-Vgs transfer characteristics of WSe, FETs
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Fig. 2: Response/recovery of

uLED/MoS; sensor to NO:2

(100 ppb) under various LED
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RIE - B2 ] BT DN TOGE L 2R 2 &2, il Por decorated MoS>-FET
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1. Introduction

Gas sensors have significant importance in ensuring safety,
monitoring air quality, improving industrial processes, and meeting
emission standards. The emission of NO,, a hazardous gas resulting
from the combustion of fossil fuels, not only poses health hazards but
also contributes to environmental pollution [1]. The incorporation of
transition metals (TM) onto gas sensors based on two-dimensional
(2D) transition metal dichalcogenide (TMD) nanomaterials offers
several advantages, including improved sensitivity, selectivity, and
rapid response [2]. This study compared the sensing performance of
NO; for two distinct configurations: Ni doping at the basal plane of
MoS; (Ni-B-MoS,) and Ni doping at the vertical edge of MoS, (Ni-
V-MoS,), employing density functional theory (DFT). The process of
Ni doping catalyzes gas adsorption, enhances the effectiveness of the
semiconductor, generates active sites, attracts desired gases,
increases their concentration, and reduces activation energy, resulting
in enhanced reaction rates, sensitivity, selectivity, and reliability.
Notably, Ni-V-MoS, demonstrated higher NO, sensitivity in
comparison to Ni-B-MoS,.

2.  COMPUTATIONAL METHODS

This study utilized the Material Studio software with the DMol?
package for conducting DFT calculations. The methodology involved
sampling the Brillouin zone using a 5x5x1 k-point grid, truncating
the potential and charge density with a global cut-off radius of 4.9 A,
and employing convergence criteria for energy, maximum force, and
maximum displacement. The exchange-correlation function was
approximated by the Perdew-Burke-Ernzerh (PBE) generalized
gradient approximation (GGA) [3]. To represent the electron
wavefunctions, a double numerical plus polarization (DNP) basis set
with a basis file set at 4.4 was used. For calculating adsorption
energies, Grimme's method, possibly referring to Grimme's DFT-D3
method, along with DFT Semi-core Pseudopots (DSPP), were
employed to account for dispersion interactions and model the effects
of core electrons.

3. Result and Discussion

Fig. 1 presents the 3x3x1 supercell structures of Ni-B-MoS, and Ni-
V-MoS, with their calculated bandgap values of 0.077eV and
0.078eV, respectively.

0° %o
[N
Dopng

&

Fig. 1. Supercell of (a and b). Ni-B-MoS,, (¢). Ni-V-MoS,

In Fig. 2, the charge density difference (CDD) between NO; and the
sensing layer shows electron withdrawal. Moreover, Mulliken
analysis revealed that the total charge on NO, was -0.124e for Ni-B-
MoS; and -0.360¢ for Ni-V-MoS,. Ni-V-MoS,, with more active sites,
exhibits superior gas sensing due to enhanced catalytic activity,
increased surface area, modified electronic properties, and influenced
charge carriers. Fig. 2 configuration is also the most stable among the
proposed structures. Additionally, adsorption energy (E,;) was
determined using an eq 1: [4]

20804

[N ]
[ Doping|

Ead = ENOZ/System - Esystem - ENDZ (])
where, Eyo,/system> Esystem» and Eyo, are the total energies of the
NO, adsorbed system, isolated system, and NO,, respectively. E,4 for
Ni-B-MoS$; and Ni-V-MoS, were determined as -0.247 eV and -0.511
eV, respectively. As a result, the Ni-V-MoS, configuration
demonstrated a lower adsorption energy compared to Ni-B-MoS,.

Fig.2.C
Green (Pink) color depicts electron accumulation(depletion)

The proposed structure's sensing mechanism is depicted in Fig. 3. By
doping Ni into MoS,, the crystal structure is altered, leading to
improved material activity. This modification creates active sites that
efficiently capture and confine electron-hole pairs, reducing their
recombination rate [5]. The Ni-doped atoms aid in catalytic oxidation
and extract electrons from the MoS, monolayer due to Fermi level
differences [6]. Additionally, NO,, as an electron-withdrawing
species, withdraws electrons from the Ni atoms. Ni-V-MoS, offers
more active Mo sites, resulting in enhanced sensing performance.

o

),_)“
3

%
Fig. 3. Schematic diagram of sensing mechanism for the proposed
structure

4.  Conclusion

The DFT method is employed to examine basal and vertical Ni-doped
MoS; structures for their ability to sense NO, molecules. The
outcome reveals that Ni-V-MoS, exhibits promising configuration for
NO, sensing as compared to the Ni-B-MoS,. This superiority can be
attributed to the presence of catalytic oxidation and an abundance of
active sites within the vertically-oriented MoS; structure.
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