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sputtering, OMPS) J5 k. %77 NP AL -5
1 TAE 58 ALE X745 5 P O ARORSE, 380 2 A S <
WAL 5 Py B G 22 BRI AR, MRS
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SCGRE F O R3] 100 nm- Si0,/Si 4 JE
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B 1 A SRS IR 2 A 385 PtSe, W B R HIE S 5 TR (a) PtSe, ZIih T 2R & E RACE M IUZ PtSe, HIK
HIH) i OM H1 AFM [El1%; (b)—(e) #1445 3.4—3.9 nm 1) PtSe, M AFM JE £ K X 7 5 B T 5 (), (§) FI4R PtSe, MK Y =
3Pt Pt 4f 5 Se 3d XPS i%; (2)—(), (k)—(m) 25145 Ar, Oy F2 Ar+0, IBA A% 8 T4 # (RF/ICP 100 W, 120 s) J& B X R
XPS %

Fig. 1. Surface morphology and electronic states of PtSe, films after various single-step plasma etching treatments: (a) The schemat-
ic of the PtSe, etching process and pristine OM/AFM images of a representative two-layer PtSe, film, showing its continuous and
uniform surface morphology; (b)—(e) AFM images and corresponding height profiles of pristine PtSe, films with initial thicknesses of
3.4-3.9 nm; (f), (j) high-resolution Pt 4f and Se 3d XPS spectra of a pristine film; (g)—(i), (k)—(m) corresponding XPS spectra after
120 s etching (RF/ICP 100 W) with Ar, O,, and Ar+0O, mixed-gas etching treatments, respectively.
15572 Al T 3220 PR Ty SR T L 145 A Y A ZI PR ] 120 s) T Y Pt 4f 5 Se 3d #5541 Bt
AR R, A48 7 2 T H 45 1 10 3 8 R . R )
SRJE R PtSey v 5 21 1l 11 5 #E4T XPS 43 TG Pt Af 335 5 BUE WA B E-S0E pug (18 1(6)),
(I 1(f)—(m)), L Ar, Oy 5 Ar+0, =Fhi s o 20 4f, ), (LB AE 73.5 eV B, HF 06 4f; ), 7E
LGB T IRZIM & (RF/ICP T2 53512 100 W, 76.85 eV KtiT, WE[EHE R 3.3 eV, 74 Pt 4f %L
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TEEFRURHE. 45 A RE B S T 4R Pt(Pt0) AU%E
TEJEHE, IHJE T PtSe, H1 Pt—Se MRS, Se 3d [A]
FER B DU (] 1())), F 0% 3d;)o IO EAE
54.8—55.15 eV [T, 454G HEN 55.01 eV, fii T4
RUGTfb 4 Se? 45 & e X 8], X} Se? 5 Pt AL,
H Pt 5 Se ByJEF 43 LT 2, 2 B Z0 b iy s A
H Pt 5 Se LIFRE ) PtSe, JTEASAFAE.

SR, FE5 AR Fh 2 119 25 8 7 IR 14 7 4b B
J&i, PtSe, R FAZA T RIZIAE, H Pt 4f
55 Se 3d REREXT Ar, Oy S Ar+O, £5 14 4 i i 5
IRANIA]. Ar Z5BS TIRALBES , 16 1(g) " AY Pt 4f 3%
WA 53R i 25 S Dl (LT O B8 LU A0 G, WA (SR AR
b, il Pt () FERECIRAS R &L B E AR, Z
P AR DL B 2B O . AHEEZ R, Se 3d 17
SAEZ A C AT IR (B 1(k)), RAEKE
Se K& H: B EHEH . Pt—Se #-5 AR TE T M X gk
B 55 . 3T 241 PRI S P 45 22 S i P B L
i, PTHEWT Ar 85 20 bt B AETE Se (BRI I
s, B KR Se 230, 52, O, 5 A
WS, Pt Af MRS 50 B HEAIR, WP & A4 B R AR 1k
It E L AR MBS (K 1(h), ORI m 45
B RE AT KGR ), HL0 07 45 A BE K T A 1
Pt—Se B, KHE Pt 5 0, 255 TR k454
HEER, FS THEAHASEMIFEE Pt—O 4
A B [EEE, Se 3d 7E A 8 X PN TG AT FE g
(&1 1(1) #1[El S4 (online)), BiH Se 7E O 4 HH
Gy AR M SeO, (1 SeO,) I # HF L4 5.
I, Oy SGUF AR AEM AL BRI R, ISP RE 2
()T A A, 0 K2 TS 2B A
YL F T HIEFE.

T E 5 AWy 35 5 55 A% 48 Ak B A A7 Y
Ar+O, IREAA)E, REHEFSERE TESRS
PAFEIAT N, Ar+0, 515 F Pt 4f 1525 O, AbBIFE
S AL (& 131)), FRERIA LSS5 A e S AL L
43R FERRAE, SRS S A S B ER T
TAREH TS FSHAL Se 3d B A T R
(Il 1(m)), B Se MY F1fi 5% BA AL, X — 253k
Bl Ar+0, IRA SR BRI R « Ak AL A 5
“ONERI S 2R ARG, (AR AR T A A
FESRFUSE .

RAE FIRBL 2SI 78 T 3R [ 3R 1 5))
F1eFE AR A, {B7E RF/ICP Th&E 5 100 W K&
KTE] (120 s) ZIM AT, SR B TY R &

SEOZ T 25 m POtz mses sz, 30
WA B e 6 56 Wiy e A 7™ e R A it LRE RS,
R T GERBGX —HE,  EE 1m— HEA iR A H AT4E
AORERL T 11, 30 o e e 8 P A B TR 2 i A O
RUONE, P B S A A A AU T B 220 o b ) OC
SEIK S

FERCEER b, ARSCRA T JE ICP & 5 iy 4l
RF fi A5, 7R E 20 Ar+0, IRASA T (Z)hh
BFTE] R 120 s), TRAFRSE RF i R D)3 0 2 181 S
s (1 2). 24 RF 84K (15 W) B, Pt
Af W7 AF AL 357N, Se 3d X I FR R IE 285 & fig b
fnl DLE s A5 S, H AFM B 8RR 7
T2 ToRDR R (K 2(a)—(c)); M4 RFEHE
50 W B, Pt Af (UL ] B = 25 4 AR AL R RS, -
AT IH T Pt—O M55 G 1Y I W FRAE ; X Fl
TR RS S W2 0k, 5% B i
/b HORLRE BEFH 0.30 nm B 2 0.25 nm (& 2(d)—
(£)). bR RAR A S J5 Bk PR 2% il o 11
bl ZR i AR T S .

FETHNA D ZI PSS R AT A, &A1Y
W Pt 3R AL S L FE A I OGS & 1) PtO,
FHIOCER B, M2l Ar 251059 5 DAY 3 Lo 3
XL PSSR BN, B2 AR IR, B mRe
H KR o 5 5 BOC 2R BB 56 4% 50 BURT
KA ERE R B AR, DTTAFI T 5 2L i 47 Pt
KOEH R, thn] UL, 1258 “ 50085 20 ik 3k LA )
A R R BRARFE AP /3R B 5 O 2l K
B S E 5887 W BEK , R ELHZ 51 A
RIFER 340

2.2 FHNEWIBMST (OMPS) LN IE

A TR X 4 T P A5 Y A A R i 3
FZE T 2B ML G0, NS
KNEZ =1 /5% R T s e A 5 Ak 5B, AR
P — Bt A% A AL Y 5 < R AT R B
I AR A B H k. [ 3(a) B T A &
YIRS (OMPS) ¥ i ML /R 3 &, B R i R
TIZJ7 R L eI Y AR A% AL A 5 )
PRI S 22 BR R, AR T AR R M vk
MERL. E A% AL AL, O, 55 B T B S
¥ Se LB AL IR LV SeO, BilG, JEH4 R Pt #41k
AR KR PtO,; AL B HI 55 T PtSe,
A A S5 R T B e O, K A S B T R BRI
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Ry =0.30 nm 8 +(b) Ar+0O,, RF 15 W (c) Ar+0,, RF 15 W
: et :(,3 20F :@
’é\ Tr E 5 ’E E 3
g 6 s 4T e 8
3 3 4 g2
= 5 2 3r = 1.0} 2
z L Z 2t 2 Z
g 3 2 S
N 2 1k N b1
> 3r 1) > 7]
B~ =1 B =)
E 2l g 0 L L L L E 0.5 F E 0 P P T E
3 S 65 70 75 80 85 3 kE 52 54 56 58 60 62
21t Binding energy/eV R Binding energy/eV
0 S
L L L L 0 L L L L . L
65 70 75 80 85 52 54 56 58 60 62
Binding energy/eV Binding energy/eV
8 t(e) —— Ar+0,, RF 50 W (f) —— Ar+0,, RF 50 W
:03 2.0F ’&T
E Tr E 5 ’E E 3
g 6 s 4T E &
3 3 4 g 2r
5 5r 2 3r 5 1.0} 2
S 4f < 2t ) <
= R AR - -
> 3r g 1F > g
= <3 = g
é 2l E 0 1 1 1 1 g 0.5 F g 0 P Y S U R |
3 S 65 70 75 80 85 g = 52 54 56 58 60 62
g o1t Binding energy/eV = Binding energy/eV
2 pm 0k
L L L L 0 L L L . . )
65 70 75 80 85 52 54 56 58 60 62

Binding energy/eV

Binding energy/eV

Bl 2 BB Ar40, IRESHEE FIRZIM b REF D%t R mizk i S5 HBEE M (a), (d) RF Y1451 (a) 15 W 5 (d) 50 W
i, 28 Ar+O, % 85 T/ b S PtSe, Wi AFM B 5L; (b), (e) XL RE S B9 Pt 4F &5 43 BF XPS 15 (c), (F) XF W RE & B9 Se 3d 1 4%

B XPS i

Fig. 2. Effect of RF power on surface residue and roughness during single-step Ar+O, mixed-gas plasma etching treatments: (a),
(d) AFM images of PtSe, samples etched by Ar+0O, plasma at an RF power of (a) 15 W and (d) 50 W; (b), (e) high-resolution XPS
spectra of Pt 4f for the samples etched at (b) 15 W and (e) 50 W; (c), (f) corresponding high-resolution XPS spectra of Se 3d for
the (¢) 15 W and (f) 50 W samples, showing negligible Se signals in both cases.

WA R RS, FIATZ A 2 4 b e P
ERANARRE, Ar BT AR A i i B 22 o SN
MEFE R PO, 5% B 1 B e PR | o A5CRR SR 3 I
T ARASAA A5 FLR 205 v i S / LT

kT Oy S5 8 TIRREH AV AL, AWF
FAHERBLLT 0, 5 PtSe, B HAHEAEM (15 3
F1Z% S1 (online)). WEHE E,q Z5H%W (K 3(b)),
O, 7£ Pt 55 Se (i ¥ HA W2 0 W AE, R
A A AR Sk A T AR S AR T S
(AR T2 0K Bl ). Ak, 2250 g B LR (81 3(c))
Y5 Bader HLT M AT — 2D Fa 7 1 W B i v H i
(e 2 EHEE A 2250 T R O, JA 3 3+
AR, SLRRH N X B Bk R BTN
PtSe, #%#% %] T O, I, X5 Bader Hfaf 1943 H71V)
&, H Ptz sixt Oy LT o o, B Pt £
S TR IS IRRE T, IR A B TR S Eik
Y1 (PtO,) WAL SR, SR O, 455 TRk Ak
PHAE LA S BT VR 20l FUETZE B BE g OTTHHZS

g T HNTEMIT 2200 (K 3(d)). Se W4
77 (SeO,) 5 BLIEEE G AR X455, PRI B 46 )
TR aE % MR, PtO, 5 PtSe, MR 454 T
SR (B0 PtO,/PtSe, 45 A fEZ N -0.96 V),
XEWE, Pain) Mg S BAR LR T Se TE,
HIMER M T THEHE LM PO, #lifLsR 2, X IE
FEHUE Oy A PRI TR A S A

Kl 3(e) Y R RIE IG B 145 JE (crystal orbi-
tal Hamilton population, COHP) 437 M54 Ar %5
BT R BRI & B SRAE TS 2 m ML S R
1 B4 COHP(ICOHP) = 1k 1 i 5% & % B, PtSe,
H) Pt—Se #ETEFORBES UL T B SE HL 10 25 19 AL
b5 RARAE, H ICOHP {5 °8-1.046 eV /bond, M
RO S RV AU L DA E L (NN TR = R
AT TRIZLA A FAL: 4 R Se—O BRI H
W8 Y AR B AR (ICOHP: —4.662 eV /bond), %
B Se JEFfil il T 5 A4 G T8 R M Ak
I (A M T 5 S5 K SUBLRT); AEAE A% 35 S
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Fig. 3. OMPS cleaning mechanism and interfacial electronic structure of PtSe,: (a) Schematic diagram of oxidation-mediated phys-
ical sputtering cleaning mechanism; (b) calculated adsorption energies of O, at Pt and Se sites on the PtSe, surface; (c) differential
charge density maps and Bader charge analysis, yellow regions indicate electron-rich areas, while blue regions represent electron-de-
ficient areas; (d) comparison of interfacial binding energies for SeO,/PtSe, and PtO,/PtSe,; (¢) COHP analysis comparing Pt—Se
and Pt-O bonding.
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Fig. 4. Evolution of surface morphology and electronic states during the Ar plasma removal step of the OMPS process: (a)-(c) AFM
images of PtSe, films after a fixed O, plasma pretreatment (40 s) followed by Ar plasma sputtering for (a) 30 s, (b) 60 s, and
(c) 90 s; (d)—(f) high-resolution XPS spectra of the Pt 4f core level corresponding to the samples in (a)-(c); the insets provide mag-
nified views, clearly showing the progressive reduction of residual Pt signals as the Ar sputtering time increases; (g)—(i) correspond-

ing high-resolution XPS spectra of the Se 3d core level, the negligible Se 3d signals confirm the effective removal of Se components

during the initial oxidation and subsequent sputtering steps.
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Fig. 5. High-resolution patterning and morphology characterization of PtSe, nanoribbons: (a) Schematic illustration of the nanofab-

rication workflow starting from a PtSe, thin film, including spin-coated PMMA resist, EBL to define a resist mask, OMPS for pat-

tern transfer, and resist removal; (b)-(d) AFM images of PtSe, nanoribbons with nominal line widths of 20, 50, and 100 nm, re-

spectively; (e)—(g) corresponding SEM images of the same nanoribbons.
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Abstract

Platinum diselenide (PtSe,) is regarded as a core candidate material for high-performance microelectronic

devices in the post-Moore era due to its tunable bandgap, high carrier mobility, and environmental stability.

However, the complex surface dynamic processes of PtSe,, particularly the non-volatility of Pt-based

oxidation/halogenation products, pose a significant challenge. Achieving high-resolution patterning that is
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simultaneously residue-free and induces low interface damage remains a critical bottleneck restricting high-
density integration. In this study, combining experimental characterization with density functional theory
(DFT) calculations, we report an innovative oxidation-mediated physical sputtering (OMPS) strategy. This
strategy overcomes the dependence of traditional atomic layer etching (ALE) on product volatility by
decoupling the processes of lattice oxidation reconstruction and physical sputtering removal. Specifically, we
modulate surface bonding characteristics via oxidation to induce lattice softening, thereby in-situ reconstructing
the chemically inert PtSe, lattice structure into a structurally metastable sacrificial oxide layer. Subsequently,
low-energy Ar ion sputtering is applied to achieve low-damage, highly selective physical removal. Based on
OMPS, we achieve high-resolution nanopatterning of PtSe, with a minimum linewidth of approximately 20 nm,
featuring atomically clean interfaces and excellent compatibility with photoresists. The proposed innovative
strategy offers a viable solution to the long-standing hurdle of non-volatile etching byproducts and lays a solid
process foundation for the scalable and high-density integration of PtSe, and other two-dimensional materials.
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