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Figure 1 The structure of pristine Ca,N
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Table 1 The basic properties of the pristine Ca,N
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Figure 2 The electronic properties of the pristine Ca,N. (a) Phonon dispersion; (b) band structure and density of states (DOS); (c) partial density of

states (PDOS); (d) charge density
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Figure 3 Phonon dispersion of doped Ca,N. (a) B-doped; (b) C-doped; (c) F-doped; (d) O-doped

HLT G, B R AT R By X 7
AR, M AR Cali 1A F A L k>, 15 Ca
SR B B i RS R AR S m XA . A SRR 2,
ULIIX 5 Calii 0 U SAE IR, Horh, 8435 FB/C/
F/OfS3 iy Ha TR i 40 1) 422,586 e, 4.739 e, 1.1367 e,

1.6974 e, FHILTT UL, CITF 5 | AXHA R Hfaf i RS 5200
K. CHF-l R fel e s g, 58 R &

AR EAER, AR MR R PR T,
M A BAMA R i T . ML T HAbITR, CHET
REAS B I AT 250 5 4030T A4 R T A 7 L T3S B AN T ke 28
FOKBEHPHE A B A, SRR F A o2 Cn
O. F&)H 2k i 3.

MR R PNIFF A TR PR, T
AIE TR, BB ABMCIHE TR, KRB FERAE

615



M43 h W 2055528 £70% L45H

(Q) 2f
2}
20 +
18}
16}
14+
12}
10}
81 8t =
Ca-B Ca-C

61 6l
4+ rys

1 L I Il L L vy - 9. N N
2.384 2.400 2416 2432 2.448 2.464 2.559 2.408 2.422 2.436 2
Bond length (A) Bond length (A)

\ p2.56 A

|2.36 A

Count

n pa "
.450 2.476 2.48

(C) 24

814-

Ca-F r Ca-0
6

1 1 |

2.448  2.469

2.413 2,43,

2 2.4‘51 2470 2.605 2.4.16 1‘4'24 2.4'32 2.440
Bond length (A) Bond length (A)

Bl 4 (a) Bi&Z%. (b) CIBJR. (c) FiBdk. (d) OBZCa,NIEH AN Ry 434
Figure 4 The bond distribution of doped Ca,N. (a) B-doped; (b) C-doped; (c) F-doped; (d) O-doped
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Figure 6 The difference charge density of doped Ca,N. (a) B-doped; (b) C-doped; (c) F-doped; (d) O-doped

—_—
Q

S
g

- Tdos|

N n
o o o
T T

- N O
o

. DOS (states/eV)
) 3

o
T

-1 0 1
Energy (eV)

—
[}
—
2 o 8 2

Ca_s

. Ca_p
N_p c_p

- N o
S
T

DOS (states/eV)
2 88

'
o
T

-3

2 -1 0
Energy (eV)

B 7 Ca,NBAURHH TAHE. (a) B-Ca,N; (b) C-Ca,N; (c) F-Ca,N; (d) O-Ca,N
Figure 7 The density of states of doped Ca,N. (a) B-doped; (b) C-doped; (c) F-doped; (d) O-doped

Ah, FEFORREME, A BEm LRI A& merE, mia
JE ] T DB 2 SRR, ERAE BB A I AR0K
AR AR AR, ET7(D)FTR, CIRTFHBME, R FR
P A AR, KRBT, T2 X IEe &
H-2~1eVZIH], IFEFHATRER, HIERRER L
SIEEEE. MET(0)FR, FIRFBR IR R4 R
Fitk, FEKIRAR TR -—2~1.4 eVZ I, KNk
0.59 eV, BRI X HEZmE /. El7(d) 0k B4
KR, SFBZR AL, 76X A RN —2~1.4 eVZ[H]
HBLHFER, K/NK0.56 eV, (KR RIS EEE, (Hi2

TEIX SR AE B N —5~—4.5 eVZIH], OJF T HIp A4 e
TERHIFEM.

BRI FBHCH G AR R Ca N/ AT, I
XoF AR 2R 0BG TR 53 3 1.5% 10,7 %, &8 (a)
7N, BBAE, AR A e a7 % B A ELA o EL, B
J - JE B A7 e R 43 i far, & Bl C i Tt 3575 &6 4
WA, BRI AR hBIE T HICaR TR 2 5,
BREBS R R A e mAH 227, [8(b)yhCE
TR R E e B R, SFB 2 LA, (HIRCJE
T 5B R T B ESAHE. BMCH S AP RS

617



M43 h W 2055528 £70% L45H

B 8 CaNBZYURM HERMHE. (a) B-CayN; (b) C-CaoN

Figure 8 The spin charge density of doped Ca,N. (a) B-doped; (b) C-doped

EATAR BN B T R A TE LA K X Ja 35 R, 1445 1 4 5%
Wi A5 2, $B4% e T B4 o 38 e o o8 Sy 3 245 T A5 B - Fl
T HBEMH L. BIE T HA3INNEZE T, 78 REZHUH
T, BERFIERNBIITESI AN, B3N HE T2
AR B RS AG <a3 70, I seeess SO RERS S5 AHAR Y
B A AR, TSRS R RERE, 5] & mErE. CIR
TFHAANINZE T, W H I A I, 768 psp
oisp 24 LB I, BRI T2 B R AR ECR B LT, X g
KECX T2 FHEURERIME. MILZ T, & A%H
R L (R N 3.04, A 3.44, T H3.98), B
AT 1) I 5 | R T AR R, SR TR A
AN, SR A HA T BRI AR E Ak 2 E AR I AN
SR R IR R B B R, WA E S B A
TGk

3 5B

ARG L S —PE R B RS T CapN IR HL 4Pk
DL AB 25800 L L e B PR s B 5 T 182
JGE (B/C/O/F)Xf Ca,NJLTFI oL F45 R R 52,
IR . B DT RS A, RILT A B0
TRNIG, Bl 4P A 4B 1) Ca-NEEK #0325 T 5
Wi, R Y BIC R B INIG, CaGBHHKIRK, WiT4l
f)Ca-NEg K B Z 8N, BRICIB XA 28 L fuf 43 AT 5 M)
R, AMUARAE TR AN, 1 E AR R
FKHHES RS, FRIOBZISHA R B AU
N, RRAEE S B EAAE. i, B4t N
REAK S PSR A B2 F A Ca, NS T 48 5, ARG
T HTZ W SE R .

RPN

Lin Y C, Torsi R, Younas R, et al. Recent advances in 2D material theory, synthesis, properties, and applications. ACS Nano, 2023, 17: 9694-9747

2 Zhao B, FuJ, Zhou C, et al. Emerging porous two-dimensional materials: Current status, existing challenges, and applications. Small, 2023, 19:

2301917

Batool S, Idrees M, Han S, et al. Electrical contacts with 2D materials: Current developments and future prospects. Small, 2023, 19: 2206550

4 Ranjan P, Li Z, Ansari A, et al. 2D materials for potable water application: Basic nanoarchitectonics and recent progresses. Small, 2024, 20:

2407160

5 Dai M, Zhang X, Wang Q J. 2D materials for photothermoelectric detectors: Mechanisms, materials, and devices. Adv Funct Mater, 2024, 34:

2312872

6 Druffel D L, Kuntz K L, Woomer A H, et al. Experimental demonstration of an electride as a 2D material. ] Am Chem Soc, 2016, 138: 16089—

16094

7 Inoshita T, Jeong S, Hamada N, et al. Exploration for two-dimensional electrides via database screening and ab initio calculation. Phys Rev X,

2014, 4: 031023

8 Lee K, Kim S W, Toda Y, et al. Dicalcium nitride as a two-dimensional electride with an anionic electron layer. Nature, 2013, 494: 336-340

618


https://doi.org/10.1021/acsnano.2c12759
https://doi.org/10.1002/smll.202301917
https://doi.org/10.1002/smll.202206550
https://doi.org/10.1002/smll.202407160
https://doi.org/10.1002/adfm.202312872
https://doi.org/10.1021/jacs.6b10114
https://doi.org/10.1103/PhysRevX.4.031023
https://doi.org/10.1038/nature11812

&
K

10

12

13

15
16

17

18

20

21

22

23

24
25

26

27

28

29

30

Tang H, Wan B, Gao B, et al. Metal-to-semiconductor transition and electronic dimensionality reduction of Ca,N electride under pressure. Adv Sci,
2018, 5: 1800666

Tada T, Takemoto S, Matsuishi S, et al. High-throughput ab initio screening for two-dimensional electride materials. Inorg Chem, 2014, 53: 10347—
10358

Dale S G, Johnson E R. The ionic versus metallic nature of 2D electrides: A density-functional description. Phys Chem Chem Phys, 2017, 19:
27343-27352

Druffel D L, Woomer A H, Kuntz K L, et al. Electrons on the surface of 2D materials: From layered electrides to 2D electrenes. ] Mater Chem C,
2017, 5: 11196-11213

Barry M C, Yan Z, Yoon M, et al. Phonon transport properties of two-dimensional electride Ca,N—A first-principles study. Appl Phys Lett, 2018,
113: 131902

Zhao S, Li Z, Yang J. Obtaining two-dimensional electron gas in free space without resorting to electron doping: An electride based design. ] Am
Chem Soc, 2014, 136: 13313-13318

Das S, Pandey D, Thomas J, et al. The role of graphene and other 2D materials in solar photovoltaics. Adv Mater, 2018, 31: 1802722

Zhao M, Xia Y, Mei L. Defect effects and electronic structure regulation in low-dimensional materials (in Chinese). Chin Sci Bull, 2021, 66: 1998—
2009 [RXHASC, EETE, AF R ARZEAD R I BGR0N  H A . B, 2021, 66: 1998-2009]

Luan L, Bai K, Ma Z, et al. Barrier height control of the Mg-MoS, heterojunction doped with group VIA elements (in Chinese). Chin Sci Bull,
2023, 68: 705-712 [ZEWHA, HILMH, Db, 4. HVIATBICRIBAMe-MoS, 5 455 2 s R B, 2023, 68: 705-712]

Ren C, Peng J, Chen H, et al. Understanding dopant—host interactions on electronic structures and optical properties in Ce-doped WS, monolayers.
Adv Funct Mater, 2023, 33: 2301533

Zhou X, Liu C, Song L, et al. Promoting the optoelectronic and ferromagnetic properties of Cr,S; nanosheets via Se doping. Sci China-Phys Mech
Astron, 2022, 65: 276811

Hu Z, Zhao Y, Zou W, et al. Doping of graphene films: Open the way to applications in electronics and optoelectronics. Adv Funct Mater, 2022,
32: 2203179

OhJ S, Kang C J, Kim Y J, et al. Evidence for anionic excess electrons in a quasi-two-dimensional Ca,N electride by angle-resolved photoemission
spectroscopy. J Am Chem Soc, 2016, 138: 2496-2499

Kresse G, Furthmiiller J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys Rev B, 1996, 54:
11169-11186

Vanderbilt D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys Rev B, 1990, 41: 7892-7895

Perdew J P, Wang Y. Accurate and simple analytic representation of the electron-gas correlation energy. Phys Rev B, 1992, 45: 13244-13249
Miao Y P. Theoretical study on the tunable electronic states and magnetism properties of monolayer MoS, by doping/vacancies/strain (in Chinese).
Doctor Dissertation. Xi’an: Xi’an Jiaotong University, 2018 [ 3. HLZEMoS, L T2 MMk 05 2%/78 6/ AR TR 3500 A e BT 2%
BB PU%: PUESSERAE, 2018]

Ge L B. First-principles study on electronic structure regulation of graphene-based and graphene-like two-dimensional materials (in Chinese).
Doctor Dissertation. Hefei: University of Science and Technology of China, 2023 [ K 1. 7 S Jk K 2y B — 4kl e P a5 i ng s —
PEFERIISE. L2280 AL P ERAHARKRE, 2023]

Dong Z L. First-principles studies on multiferroicity of two-dimensional hexagonal metal nitride (in Chinese). Doctor Dissertation. Changchun:
Jilin University, 2023 [H#JRbK. 44504 8 A 2 BPE RS — PR HRRTSY . LA A0a S0 KA MO, 2023]
Hourahine B, Aradi B, Blum V, et al. DFTB+, a software package for efficient approximate density functional theory based atomistic simulations. J
Chem Phys, 2020, 152: 124101

Inoshita T, Tsukada M, Saito S, et al. Probing a divergent van Hove singularity of graphene with a Ca,N support: A layered electride as a solid-state
dopant. Phys Rev B, 2017, 96: 245303

Zhang L, Yu W, Ou J Y, et al. Midinfrared one-dimensional photonic crystal constructed from two-dimensional electride material. Phys Rev B,
2018, 98: 75434

619


https://doi.org/10.1002/advs.201800666
https://doi.org/10.1021/ic501362b
https://doi.org/10.1039/C7CP04825D
https://doi.org/10.1039/C7TC02488F
https://doi.org/10.1063/1.5051465
https://doi.org/10.1021/ja5065125
https://doi.org/10.1021/ja5065125
https://doi.org/10.1002/adma.201802722
https://doi.org/10.1360/TB-2020-1606
https://doi.org/10.1360/TB-2022-0683
https://doi.org/10.1002/adfm.202301533
https://doi.org/10.1007/s11433-022-1914-2
https://doi.org/10.1007/s11433-022-1914-2
https://doi.org/10.1002/adfm.202203179
https://doi.org/10.1021/jacs.5b12668
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.45.13244
https://doi.org/10.1063/1.5143190
https://doi.org/10.1063/1.5143190
https://doi.org/10.1103/PhysRevB.96.245303
https://doi.org/10.1103/PhysRevB.98.075434

M4 Z 8B 2025528 F70% L4458

Summary for “$BARRIR — A5 RACH) BRI Y PR

The doping effects of monolayer Ca,N on electronic states:
A first-principles calculation
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Given the importance of two-dimensional (2D) materials in the development of microelectronic devices, condensed matter
physics and chemistry concepts, the existence of electrodes with two-dimensional electronic structures has become a hot
research direction. Two-dimensional calcium nitride (Ca,N) with a layered structure is a new type of 2D electrode
materials, the conduction electrons are confined between Ca layers, and the 2D confined electrons behave as anions,
showing the unique topological characteristics of electrode materials, which has potential applications in high-performance
electronic devices and chemical synthesis. The space group of Ca,N belongs to R3m, and the layers are stacked along the
direction of the ¢ axis. The interaction between the layers is through the van der Waals force, and the weak molecular force
between the layers makes the single layer Ca,N easy to be stripped from the body phase like graphene. But the influence of
its electrical properties and its changing rules are not sufficiently studied. Doping can effectively regulate the electronic
band structure and improve the integration of thin-layer two-dimensional materials, so as to accurately control and optimize
various properties of materials. What’s more, doping not only regulates the band structure of the system, but also affects the
magnetic properties of the system. It provides a novel approach for designing and constructing high-performance
microelectronic devices. Therefore, the electrical properties of pure Ca,N and the regulation of doping on its electrical
properties are studied by first principles calculation based on density functional theory. Calculations were conducted using
the Vienna Ab-initio Simulation Package (VASP). The energy cutoff for the plane wave basis set was set to 500 eV, and the
interactions between ionic cores and valence electrons were described using the projector augmented wave (PAW) method.
For the exchange-correlation functional, the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional was employed. The effects of doping elements (B/C/O/F) on Ca,N geometry and electronic structures,
including atomic spacing, bond length and charge transfer, were investigated. The study reveals that the phonon spectrum
of pristine two-dimensional Ca,N shows no imaginary frequencies, indicating its thermodynamic stability. Similarly, after
doping, the phonon spectra still exhibit no imaginary frequencies; however, bond distortions occur near the dopant atoms,
altering the surface structure and significantly affecting the work function and electronic states. It is found that the Ca-N
bond length of the nearest and second nearest neighbors is affected after all doping atoms replace N. Specifically, when B
(boron) replaces N (nitrogen), the bond length between Ca and B is the longest, while the next-nearest Ca-N bond length
significantly decreases. When B and C (carbon) are doped, there is a notable change in the charge distribution, which not
only effectively alters the electronic states and magnetism of Ca,N but also imparts semi-metallic characteristics. In
contrast, F (fluorine) and O (oxygen) doping have a relatively minor impact on the electronic states of the system.
Therefore, the appropriate selection of doping elements provides a guide for the functional chemically reactive monolayer
Ca,N electrode, so as to achieve a wide range of practical applications.
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