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Fig. 1. (a) Side and top view of the optimized ML SnS structure, the black dash rectangle represents the primitive cell; (b) band

structure of the ML SnS, the blue dashed line indicates the Fermi level, and I~X and I*Y representing the armchair and zigzag dir-
ections, respectively; (c¢) schematic diagram of the ML SnS MOSFET.

1 RIFER B AR B A A T 25 HL I

Table 1.

1, of the SnS MOSFET with different doping concentrations.

Ion (HP/LP)/(MA}LIH 1)

N,/ N, doping concentration/cm 2 Zigzag Armchair
n-type p-type n-type p-type
1x10%2 32.24/33.69 45/40.9 129.66/21.55 31.82/35.72
5x10"2 232.26/51.9 310.69/95.35 741.82/17.33 185.95/32.23
1x10% 1105.66/35.52 756.83/105.06 970.15/8.42 379.27/42.5
5x1013 1330.51/0.425 2693.37/0.12 1216.66,/0.061 973.2/0.026
8x1013 1207.55/0.082 280.42/0.0013 1020.21/0.0074 676.8/5.37
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Fig. 2. Transfer characteristics of the n- and p-type 5 nm gate-length DG ML SnS MOSFET for different source and drain doping
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Fig. 3. Transfer characteristics curves of the n- and p-type DG ML SnS MOSFET: (a) 1-2 nm, (b) 3-5 nm gate-length along the
armchair direction; (¢) 1-2 nm, (d) 3-5 nm gate-length along the zigzag directions.
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# 2 n#fp A DG ML SnS MOSFET #H4TFAHL I . FF ¢ AN B {2 5 ITRS HP Ml LP fRifE (2023 fR) (1 LR
Table 2.  Benchmark of the ballistic performances upper limit of the sub-5 nm DG ML SnS MOSFET (zigzag- and arm-
chair-directed) for HP and LP applications against the ITRS requirements (2023 version).
Ly/nm  UL/nm  SS/(mV-dec')  Lpn/(pA-pm?) Ton/ Lost Ion/(pA-pm ) Ton/ Lot
HP 5.1 0 — 900 9.00x10? LP 295 5.9%x10°
n-type p-type n-type p-type n-type p-type n-type p-type n-type p-type
0 843 719 — — — — — — — —
1 2 260 276 31 56 3.1x10% 5.6x10% — — — —
4 120 122 407 209  4.07x10° 2.09x10? 2.06 6.34  4.12x10* 1.27x10°
0 561 418 — 0.7 — 7.0x10? — — — —
2 2 212 172 41 319 4.1 3.19x10? 0.007 0.0031 1.40x10*>  61.6
Armchair 4 101 90 938 285  9.38x10% 2.85x10% 45.7  50.83  9.14x10° 1.02x10°
0 293 254 5.18 13 5.18x10' 1.30x10? — — — —
’ 2 118 101 1204 665 1.20x10* 6.65x103 0.406  0.86  8.12x10° 1.72x10*
0 189 241 226 292 2.26x10° 2.92x10° — — — —
! 2 93 78 2369 817  2.37x10* 8.17x10% 110.58 92.08 2.21x10% 1.84x10°
5 0 125 112 1113 924 1.11x10* 9.24x10% 0.1 0.03 2.0x10° 6.00x10?
0 904 603 — — — — — — — —
1 2 259 96 72 1934 7.20%x10% 1.93x10* — 69.3 — 1.39x108
4 107 85 390 545  3.90x10% 5.45%x10% 10.04  79.2  2.01x10° 1.58x10¢
0 530 252 — — — —
2 2 147 101 509 1236 5.09%x10% 1.24x10* 0.035 0.0021 7.0x10? 42.8
Zigzag 4 89 78 621 693  6.21x10% 6.93x10% 85.02 136.51 1.70x105 2.73x106
0 233 89 4.04 4119 4.04x10' 4.12x10? — 171.91 — 3.44x10°
’ 2 117 66 1168 1407 1.17x10* 1.41x10* 7.73 516.18 1.55x10° 1.03x107
0 166 106 322 1648  3.22x10% 1.65%x10* — — — —
! 2 85 70 1843 1874  1.84x10* 1.87x10* 231.06 271.4 4.62x10° 5.43x10°
5 0 118 78 1280 2463  1.28x10* 2.46x10* 0.67 0.13  1.34x10* 2.6x10%

[Ali& armchair J7 [n] B F A &4 BT & (0.19myg)
zigzag JT A (0.20mq) /N SR p BIgRFR TR
AR H A G X S HUE. p BUER AT zigzag
J7 I A BRI 2 7 AR (0.27mg), AR
WifH (545—4119 pA /pum) HIE KT HA /NS5
AR (0.22m0) BY armchair 77 8] FF 25 HL 3 (E
(0.7—924 pA/pm). ;=4 p BB A H A )
X — UG R R SETRE et B T
B A T R VBM MR, H2 TR
SnS 25 A BT IR B VBM M A9 A
AROFR. ARYER)Z SnS GBI A (WLIE 1(b)), It
VBM X i34 202 7 1) VBM 5 0.01 eV,
DR RZIR 25 7 A B0 T RE, 5380 p B MOS-
FET #5425 o 0 (8 0 25 T 25 L It 5 A 20005 o
{EA— BRI . X —2518 5 GeSe THAA R 1)
CBM 5ik CBM W2 {HAR/), 53 n # MOSFET
R A P B T — RO — 90,

AR TAEFSARALI M, p & ML SnS MOSFET
PAEAE 5, 4, 3, 2 F1 1 nm M K BE ) SRR 0T
zigzag J7 [u] B I 25 M i dse RABL 2390y 2463, 1874,
4119, 1236 F1 1934 pA /pm, 435050 i UL 254
UL =0, 2,0, 28 2nm. n BEEHAE 5, 4, 3,
2 F1 1 nm BFAR A BE I 3 AR IR SR R AE 4 R
1113 pA /pm (zigzag F7T]) . 2369 pA /um (armchair
J71]). 1204 pA/pm (armchair 7714 ), 938 pA/pm
(armchair J5 [ ) #1 407 pA/pm (armchair 75 1] ),
3B R UL 2544 UL = 0, 2, 2, 4 fl 4 nm.
3 nm MHE (UL = 0) BIESFNT zigzag J7 1ol B B
KIFSHEIR 4119 pA /pm, HFEFEMHE T UL =
2 PR TS A (1407 pA/pm) & 2.93 4%, A
JLAE SnS MOSFET #sfFHh&3E 1Y UL 45t ReS
AT ) VAR IR ) LI, B R T R A
RORTE KR, A RERSE IE ITRS HP #7419 22
K. AHSE, i KA UL 45 # S 2 BRI 21 1
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(b) p-type
4F o GeSe zigzag
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3 | —*— BP zigzag

1} % _______ITRSfor HP , |

Ln/ (109 pAum1)

1 2 3 4 5
Lg/nm
p-type (d)
. 600
T
O
<
>; 400
I c\
)
60 _.I_%’?iﬁ..%’_____j_
1 2 3 4 5
Lg/nm
Zigzag —a— UL4 —e— UL2 ULO

Bl 4 W 5nm Ay nBFp A DG ML SnS MOSFET JFZ&5 L (a), (b) AL BIELR (c), (d) SR K B #5 &
Fig. 4. On-state current (a), (b) and subthreshold swing (c), (d) of the sub-5 nm DG n-type and p-type DG ML SnS MOSFET as a

function of the gate-length.

8, DA AR (A AR TG 325 B e M s ol 284 UL X 45
FIMERE. B, RS A SnS MOSFET #3411 UL
INEE (e

WA S 5 1 T3 B2z pRAl 5 P A Ak
PREL I B RS T p B 5 nm ML SR
(BP) 1 ML GeSe 4800 & B AH DR #EAT HEAEL. 4
& 4(b) 7R, R HP FRifE LEIE 5 nm BP MOS-
FET(zigzag Fll armchair J5 1) Fl ML GeSe MOS-
FET e EIF S HL 54 3C SnS MOSFET YK
ANRFR. AT LUK B T ffi 5 1) Stk 1) — 4o A
MR, AT SRR rR T A S A E— Jr i SR
FHAD T 17 RS, BIANAHIR S5 F T 38 AE zigzag
7 ] S IR AL T armchair ). B8R p Y 2,
4, 5 nm HH<E ML BP MOSFET (zigzag J5 1)) #${4
FIIFSHBR AT SnS, (HRZEMRAE R 1, 3 nm
WAL, HAEAKF p & ML SnS #5714 (zigag Jr1A])
F B AETF S H . X T ML GeSe MOSFET,
SRICAE 1 nm WA BER S LR AM# 2 ITRS
(f) HP brif 2ok, HH(E (1684 pA/um) K, 0
BRI SnS(1934 pA /pm) /. (H7151F &1 &,
5 ML BP fl MLGeSe MOSFET A [, ML SnS
MOSFET 1) 2 Fi I 26 68 40 V4 1 #5143 B e A
HARH

XFF ITRS B IIFE LP ZoRARHE, T 5 nm
) n % ML SnS g FF 25 LR (E A BB 2 TTRS
B ZER (295 pA/pm, WE 5 7). ¥ armchair 1
zigzag 77 8] B I 25 # i f RAEL 300 9 111 (L, =
4nm, UL = 4 nm) M 231 pA/pm (L, = 4 nm,
UL = 2 nm), 435135 %] ITRS 4 LP AR #E 4 38%
M 78%. W4K, ML SnS MOSFET n %I % {4 K
£ 5 nm LI LP ARENS AR, (B2 p 8 (L, =
3 nm, UL = 2 nm) #8{FIF zigzag J7 A1 I HL I
B HKMEH 516 pA/pm, 2 ITRS B LP ZORFRE.

3.2 TEEEE

T 1 {1 428 M i 7 STV ] DX 3 42 s R A D A
HL P 22 T 1) G AR, BRIV STV ) 1 Xl ) 425 i i

oV,

B 8lg.TgD’ (3)
Horb ov, R MHIRE AL H 1 A8 (L 2, O1g Ip R
HL UL 1 X RO b, RO R LT, SS (E B /. 1%
% FET £ T SS AYHISHFR{E N 60 mV /dec.
Bl 4d o345 nBUF p AUWE 5 nm ML SnS
MOSFET i SS S5HH< L, B R BOCER. th TR
Wi 52 A7 R B 520, ML SnS MOSFET zigzag

SS
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<
=
< 100t
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500 |(b) p-type

400

300 |k ATRS for LP/ N ______
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Fig. 5. On-state current of the sub-5 nm n-type (a) and p-type (b) DG ML SnS MOSFET as a function of the L,, the set of red and

green lines indicate the armchair and zigzag directions, respectively.

J7 18189 SS ik /N F armchair J5 7). ¥ zigzag J7
I, 25 XA SUF E (0.11mg) /NT armchair J5[f]
A RBUBTR (0.30myg), MTTARASEE i B 1% i
B, XA 288K ML SnS MOSFET ## 14,
TEAAER) UL &, S L4 m b, SS — bl L,
I N TR K. W5 zigag J7 100 HY p &L 3 nm HIHS
UL = 2 nm ##41) SS {HiL%E] T H/IMA 66 mV /dec.

3.3 it it

TERE MOSFET ##fFH, i m#4%0) ML
SnS VBN IR A . PHL, 78 Rl FA IE X2
[ERAEAE B R g2z, SR, Hh T 48 i A5
ik = W EERYB 4 S, 8 4 JE AR AR
T, SR LS A ) AU TP A AE 1 R
& TS BEAR AR rh 80 - 1y s %8 SEg8 rh andof
TH BRI R 1) 1 R A 2 2 S AR R = g
AR Z —. 5 Z 0 250 A R AL —
WS PEREATE 1Y 4 8 FAROR TH BR B /D S ik
Pgx flhn, ML BP 800 fb 55 SR A S5 05 1
S E AR, FEFUE I ORI A, A T A LR
& ML BP MOSFET # 90%. &% & iR
() T i is BRSO B 2 A S0 A i
ML SnS FET 7E HLHl X B B/ 9 2 ik F BEL (57
I 22/NT 0.38 eV), F A1 2805 FLf 8804 37 J2 1
GeSe w4 9 HL B A ELAT RRCHRE 2 fih (301, >4 2884 1
B I R il AR B, B OE A 4k AR Y 1 g
H 4% MOSFET A% FRAE.

SFEEZ RS E T iiE T, T
SnS #AF5HAL — HELRF (W 5 nm ML #ifds . ks .
ML BP. Bi,0,Se, MoS,. InSe #1 GeSe MOSFET)
FIPERE, Wi 6 Bz, p B SnS MOSFET 7£ zigzag

7 Ia I FZS L T A5 ML BP g8 FHIE S, i B
5 BP SR A EL SnS g 7E 2 S b a PR RE R
FE. n B SnS FHFMIFSHRES ML i . Bi0,Se.
fidi . GeSe A InSe #4AH24. 1 nm MHSH ML SnS
MOSFET 7 zigzag 75 [ 7] LA /& ITTRS B9 HP 45
HEZESR, Wi A1 InSe Al ARG 2 HP FR i 1)
JINHE A3 54 3 nm AT 4 nm.

FE 4 S, AT 1R A BT (m)) )
X I 25 HL I 1 5 ) R BRLZE PR T T 1) A 3805
T/ NP BER IR RS 5 R, TS 3
PSR, TR 7 e SO T =
Nev, N AH#RTEHE, v MR FHEE, X R v =
eEr/m", Horh BRI 743 3 Sy ¥ 35 R st 1 B (]
2) /INBY A U T ECEE VBM 85 CBM /Ny
DERE. A DOS & L

O T
Hrr g, F1 g, /302 ATEMAIRFETIF, m' R
S AEH T ) AT S5 i DR MRS L I A (R AT PR
). R T R AR i 7 o) 5 0T e 22 TR )
KR, 64T HP bR RIS B S )
AR 5 nm HHE (MLMoS, MOSFET 7 9 nm
B A ) T A i 1) B A BT R Y E R L, A
m’, = 0.30mq IIFARHRGE NI, FEm), > 0.30m i
FHURYGER. FETHIA Hh 2 2 B i — 28 B Ui Y
EaE, T LAENAE HP ARfE T 2 m), < 0.30m, f,
Lon ARG T HHEE T3, Y m), > 0.30mgff i
DOS £ 5. kU, Tt e KA BT EIL /N
A U5 I AEADRE (LG i i i ) R AT L
PAFL R Ly, BIAN, T HA BRI ) A
AT (myy,, = 0.16mg F1 my, = 5.4mg), ML
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Fig. 6. On-state current of n- and p-type MOSFET for high-performance applications at sub-5 nm gate-lengths versus the effective

mass of ML two dimensional channel materials, all the data are calculated by ab initio quantum transport simulations.
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Abstract

Currently, Si-based field-effect transistors (FET) are approaching their physical limit and challenging
Moore's law due to their short-channel effect, and further reducing their gate length to the sub-10 nm is
extremely difficult. Two-dimensional (2D) layered semiconductors with atom-scale uniform thickness and no
dangling bonds on the interface are considered potential channel materials to support further miniaturization
and integrated electronics. Wu et al. [Wu F, et al. 2022 Nature 603 259] successfully fabricated an FET with
gate length less than 1 nm by using atomically thin molybdenum disulfide with excellent device performance.
This breakthrough has greatly encouraged further theoretical predictions regarding the performance of 2D
devices. Additionally, 2D SnS has high carrier mobility, anisotropic electronic properties, and is stable under
ambient condition, which is conducive to advanced applications in 2D semiconductor technology. Herein, we
explore the quantum transport properties of sub-5 nm monolayer (ML) SnS FET by using first-principles
quantum transport simulation. Considering the anisotropic electronic SnS, the double-gated-two-probe device
model is constructed along the armchair direction and the zigzag direction of ML SnS. After testing five kinds
of doping concentrations, a doping concentration of 5x10'3 cm™2 is the best one for SnS FET. We also use the
underlaps (ULs) with lengths of 0, 2, and 4 nm to improve the device performance. On-state current (I,,) is an

important parameter for evaluating the transition speed of a logic device. A higher I, of a device can help to
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increase the switching speed of high-performance (HP) servers. The main conclusions are drawn as follows.

1) I,, values of the n-type 2 nm (UL = 4 armchair), 3 nm (UL = 2), 4 nm (UL = 3), 5 nm (UL = 0) and
the p-type 1 nm (UL = 2 zigzag), 2 nm (UL = 2 zigzag), 3 nm (UL = 2, 4 zigzag), 4 nm (UL = 2, 4 zigzag),
and 5 nm (UL = 0, armchair/zigzag) gate-length devices can meet the standards for HP applications in the next
decade in the International Technology Roadmap for semiconductors (ITRS, 2013 version).

2) I, values of the n-type device along the armchair direction (31-2369 pA/um) are larger than those in
the zigzag direction (4.04-1943 pA /pm), while I, values of the p-type along the zigzag direction (545-4119 pA /pm)
are larger than those in the armchair direction (0.7-924 pA/um). Therefore, the p-type ML GeSe MOSFETSs
have a predominantly anisotropic current.

3) I,, value of the p-type 3 nm gate-length (UL = 0) device along the zigzag direction has the highest value
4119 pA/pm, which is 2.93 times larger than that in the same gate-length UL = 2 (1407 pA/pm). Hence, an
overlong UL will weaken the performance of the device because the gate of the device cannot well control the
UL region. Thus, a suitable length of UL for FET is very important.

4) Remarkably, I, values of the p-type devices (zigzag), even with a gate-length of 1 nm, can meet the
requirements of HP applications in the ITRS for the next decade, with a value as high as 1934 pA/pm. To our
knowledge, this is the best-performing device material reported at a gate length of 1 nm.

5) Subthreshold swing (SS) evaluates the control ability of the gate in the subthreshold region. The better
the gate control, the smaller the SS of the device is. The limit of SS for traditional FET is 60 mV /dec (at room
temperature). Values of SS for ML SnS FET alone zigzag direction are less than those along the armchair

direction because the leakage current is influenced by the effective mass.

Keywords: quantum transport simulation, monolayer SnS, sub-5 nm field-effect transistor, on-state current
PACS: 73.63.—b, 85.30.Tv, 31.15.A—, 31.15.E DOI: 10.7498/aps.73.20241004
CSTR: 32037.14.aps.73.20241004
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