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1 100—150 GPa Hesi N F0l i o5 — > i) S it
MAAEREE YA (hexagonal layered polym-
eric nitrogen, HLP-N), Laniel 7E 5255 I H 0O
TEIEE N 244 GPa WYl N &8 T HLP-N.

REAT R A [R5 A8 | B R AL,
Y DM, RS RN RIS A R T I
IR, 737 7 LUR SR Y SN 2S5, 70T
Z ) B AR EAE AR 55 . BEE 535 8] BE 2 i /)
Ny 735 6] ), DU BRCRH B A T 2RI 8 AT 7E AR
KRB FIGE TRBRIEZR T L (29 5—50 GPa)
Froh B )%y S, FE S RE I R SRR I
Bl o 1 B R T AR B o 1 ) X
N=N ZHZ s 2. ) KT 150 GPa i,
735 N A1 T8 A AH B AE AR 2, R i) N=N
BB AN ) N—N i B3 765 4+
A, XSS AR S SRR R AT DL B AR b A
e RE, I — > BE B AR Y, — B
BEEA R ZIE AL, S B R Ny 2B K
HIWREE.

RBESS R ATE 1986 Ak 2 g s T 9],
T 2020 4F, Laniel % 101 Ji % 11 2351 76 52 46
EAERT AARBEEHNRESYANR R
(black phosphorus structure polymeric nitrogen,
bp-N). At AT F H] 4 W 43 % TG X 4l 2 fn
140 GPa By H g, #EFHEOEN Hn#. 235 5 A 5
£y 4000 K if, ga st T HEA BB R G Y
RIFI R RILIA bp-N. it X SFLATH NG
T 78 2 T 4RTE A9 LP-N Z5 4 2 AR IE#f A (dn
I 1(a) A& 1(b) Fi7R), & e A 2 B A FLR
BEAR R 2544 142, B 1(b) FR AT LA Y STk [31]
JIT iR 18 1) LP-N S50 (4 52 50 47 2 63 5 HX 1 Y
THEOLTE (Z06) RILAD, 5 bp-N #5556 1%

148101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 70, No. 14 (2021)

148101

a b
(a) (b) g — Exp. spectrum
g —— Calc. bp-N
4 A, —— Calc. LP-N
g
~
7] >
h=T Ih=1
- |
Q‘ E’ L L n L
5 | =750 900 1050 1200 1350 1500
~ . 1 Ag
> Raman shift/cm
z
g
= B
1g
L7
I | - L

300

(c) 1.339(6) A

i

=P a 105.8(7)0

1.339(6) A
/ 1.434(7) A

: /
T 105.19(10)°

ol C

450 600 750 900 1050 1200 1350 1500 1650

Raman shift/cm—1!

p@=—bC

1 (a) 25 ki — 48 X L ATAT (XRD) B A EITEFRE T bp S5H RN AT AT AL, B0 278 HTRE I K 848 £ 15 (b) 78
140 GPa T, bp-N iy SZ 8 (B f0) RT3 (8 () B9 2 0 3% 5 30K [31] 4GE 1Y LP-N &5 8 i 3 B4z 06 (20 6) XTI (c) bp-

N R0 ZF R FHILHES; (d) bp-N 19 A% 45

45 () P)Z 2SN bp-N 45y 1)

Fig. 1. (a) 2D XRD image from grain #2. White boxes mark the diffraction spots of BP-structured nitrogen. Numbers indicate cor-
responding Miller indices!*!l. (b) comparison of the experimental (black) and calculated Raman spectrum of bp-N (blue) at 140 GPa
with the Raman spectrum calculated in this work for LP-N with the structure reported in Ref P! (red); (c) the zigzag and armchair

arrangements forming the bp-N layers; (d) the crystal structure of bp-N; (e) two superimposed layers of the bp-N structure!!l.
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Fig. 2. (a) Atomic force microscopy image of a single-layer phosphorene crystal with the measured thickness of about 0.85 nm;

(b) photoluminescence spectra for single-layer phosphorene and bulk black phosphorus samples on a 300 nm SiO,/Si substrate,

showing a pronounced photoluminescence signal around 1.45 eV ; (c) optical image of multilayered pristine phosphorene; (d) the

same as in Fig. (c) after Ar* plasma thinning®®; (e) thin film of 2D black phosphorene on substrates with 0.35 pm? area. Inset:

height profile for thin film showing thickness of approximately four layers (3.4 nm)

% (atomic force microscope, AFM) K%, 7E fh &
NGRS s 2R 0.85 nm PO 7ER] WLE K
TSR OGO, W 2(b) Fras BOL X T
10 nm JERYSEBER R, FER DG R N A AR
FPCEAE T, X THOR BB AR R
250.3 eV, KTE T LM XHR. IfE SRR B |15
SR, B ENE TR0 145 eV, SEEY
100 meV, 3% ULEEF] 14 2 T BB Y T 5
EJEAIESE T B2 AT B B R T AR ML 2
il 5 e B R4 r9PERE, SRIME A &5 KA,
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L2 SRR, SRR OGNS LLEE & AFM
. KB 2(c) fE 2(d) 51 EaRn T ArtSEE
FAAAE B S UTARAE Si0, 1 I BB 1 62 R,
HE TR 5, HREe DIk e ) HE R B R
Ik, A8 R B G540 BU. JEAEk, FIHA DL R 1T

[53],

YRORA ) B8t T W FH T AR ™. Brent 4 22 F) F N-H
2~ I o R V5 VR R A 7 A RN M 5, IR T
RS AE S HL. Zhao 55 B2 SR TS IR A R 04T
TRGE . R RNFE, e R LR —
NH, B TIERENR S, nT LR A T
S SR DT, AR GRS A R B,
SR DB R R 7 A i R AR R
SPWEM, Smith 55 PR T — R R A4k 2= AT
BOTE, 13 1 )RR A A 1 8w, PR
T3 pm?(AnEl 2(e)), HIRMFEIIATE RV RGT,
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BN P S g 7 [ R S T by LB 3¢ 73 R e o e
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T RIS AN SEN T 0], 43 R Z P (zigzag)
AR FAIE (armchair) J7 ). 5 2 5 —Fh i A9
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Fig. 3. (a) Top view of monolayer phosphorene; (b) side views of monolayer; (c) atomic model of blue phosphorus. The unit cell is

labeled by the black rhombus(®; (d) band structures of intrinsic monolayer phosphorene; (e) band structures of phosphorene with a

5% biaxial strain; (f) band structures of phosphorene with a 6% zigzag uniaxial strain/®.

[ Z SR, HAARMER S B S A S5 (1 3(c)),
AR R B AL 2 eVl Hulk B A R
27 0.3 eV, JZAHEAE S B0H BRbE 2 2080/ i
BRI AT LATE—AMR 58 (430 Bl P IR L it Jint iz
FIAb T DL SR I ) A B S | R HEA
HET M BEH A5 4 (An1El 3(d). & 3(e) FIE 3(f)),
XSUAHNE 3 FT LA 42 B AR e 72 Ay [ 4ty
Bl A 35 4 J 07091 A 2 PR AR A B UK X Y
IS EA 2 2 eV I EEARIR, 7T LU R
ﬁ; [60].
SRR N TRAH T LM A A R AT
B DR, AT LU Tl p AL SR 02, XA
RN A B At PR LA R AR R, A
SRR i AR A L P R R R R G P BB
SR T RE, T 3 T A A R R A
LR AE LR X 7 1 V. 2014 4F ) Kz I i
41163 4 T /0 2 PRI AN SRS, IR L o)
B L B DU A 02— PR R S IR T R

BB 45 A, IR TR EE/NT 7.5 nm BYFESL
LT G O AE 10° B2, JR 0 10 nm B, iB#%
FREIK 1000 cm?/(V-s). R0 SRS 1 —4E 5 i
SEAb L1 B B A B e, SR T
H F“X (two-dimensional electron gases, 2DEG).
1o B T R A A i TR AT AU B, X
2DEG RGMPEFIISEAE R EE. 2015 4F, ¥ hBN/
PR /hBN SRES T A A L, AR AT
SiO,/Si fm Fr b, JE B BE /hBN /7 88 5 i 45,
o U ) A S MR R R AT F e P AR BT, IR BE /)N
T 30 K i), i+ 1iE % %5 5] 6000 cm?/(V-s),
NI WRSR B 3 i - R0 (1),

B PR BRSBTS = A L TR L
(B ) 0 5 25 ) i SR A R, 0 T LAE AN ] 1) 52 9 4
T AT AR DG ROR, BFSE T R B R
AT Jo] LB A5 ) R A A5 20 254, Sy 1 By 1k 48 A B
fifp I B o O T IE RS AR, BB T AR A
IR (IR BE il . X178 F AR EE R i1 T

148101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 148101
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2 o AHR A (PR IEZS A5 H) F 3 AH K
(it | BEFNBA A 22T 2544 ) 1081,

il 95 2 AN U T )2 R A 1 48 1 R AF 52 T4
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(density functional theory, DFT) [ Hi - 4544 11
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s 1 M. 455 58 — MR FE AT Boltzmann iz B
IR, Sun %5 I AFSE T oAl M 19 3 FL iz R
BRI o-ff s BA BAR I A5 1) v il Ag T . (E
H—HEM S, a-As Flil B-As 7E H SR IR P L 2B w o
FRAE , K (A5 W] B 23 O BRI 1) R AP AR
a-As (2 SRR SR RH 25 4 175 75 R s S PR T
7 TS AT TR PN A 1) S DRI B e 42

RN 22 2 i A - U LA 0 e (774,
W LS R RS ARG HL AR | 1A A8 2 L RO
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Fig. 4. (a) The conventional crystal structure of orthorhombic bulk As; (b) band structures of monolayer arsenene. The arrow shows

an indirect bandgap; (c) the band gap of arsenene calculated by first-principle revPBE, hybrid density functional HSE06 calcula-

tion with the number of layers!™.
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Fig. 5. (a) A b-As flake mechanically exfoliated and imaged with AFM; (b) HRTEM image of b-As with atomic resolution, inset is
the indexed SAED pattern; (¢) comparison of in-plane anisotropy in electrical conductivity o, mobility u, thermal conductivity s,

and effective mass m" along the AC and ZZ directions of b-As and other 2D materials; (d) angle-dependent appearance on electrical

conductance of a-arsenene, exhibiting the preferred transportation along arm-chair (AC) direction; (e)Magnetic-field-dependent con-

version of longitudinal conductivity o, along armchair (AC) and zigzag (ZZ) directions ],
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Fig. 6. Characterization of the electrochemically exfoliated FA in 0.01 mol/L NH,PF;/DMF by electron microscopy: (a) STEM im-
ages of sonicated few-layer arsenene; (b) high-resolution TEM images of the few-layer arsenene on lacey carbon support; (¢) AFM

images (after washing in the DMF followed by the sonication) 7.
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Fig. 7. (a) The STM topographic image (120 nm x 120 nm) of single layer o-Sb fabricated on WTe,. U = 42V, I, = 100 pA.
(b) atomically resolved STM topographic images (8 nm x 8 nm) taken at U = —50 mV. I, = 100 pA. In the inset, the black and yel-
low rectangles mark the unit cells of R2 reconstruction and 1 x 1 lattice; (¢) The red curve shows the experimental STS of single
layer a-Sb from —2.5 to +2.5 V. The blue curve is the enlarged part from —2.0 to +1.0 V. (d) The STM image (400 nm x
400 nm) of about 0.5 ML Sb deposited on SnSe at 400 K. The inset shows the step height of the a-antimonene monolayer (about 6.8 A). U=
+3V, I, = 100 pA. (e) The atomically resolved STM image (19.5 nm x 19.5 nm) taken on the a-antimonene monolayer. U =
—-880 mV, I, = 5 nA. The inset shows the enlarged image (1.5 nm x 1.5 nm) of panel e. The 1 X 1 unit cell is marked by the black
rectangle. U= ~-1V, I, = 1 nA. (f) The logarithmic format of the dI/dV spectra near the Fermi energy (from -0.4 to +0.4 V) for

the 1 ML antimonene films. The band gap of the a-antimonene monolayer isabout 170 meV 9,
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Fig. 8. (a) The as-grown surface (100 nm x 100 nm) after about 0.5 ML Sb is deposited on the SnSe substrate kept at about 350 K.
U= 43V, I, = 100 pA. (b) line-scan profile taken along the red arrowed line in Fig. (a). (c) atomically resolved images taken on
the as-grown sample. Upper panel: large-scale images (7 nm x 7 nm). U=-1.3 V; [, = 1 nA. Lower panel: Zoom-in images (3.5 nm x
2.5 nm) extracted from the upper panel. The regions of the half-layer (half layer,HL) Sb and full layer (full layer,FL) a-Sb are
labeled on the images. The yellow dot arrays are partially superimposed on the surface atoms for better vision. (d) kinetic path-
ways from the dH structure to the puckered o-Sb layer through a traditional direct process (gray path) and a two-step process (red

path). Insets show the atomic structures of the initial dH structure, the intermediate structure, the final a-Sb structure, and the

transition states. The points marked on the energy profile indicate the position of each corresponding atomic structure!®!.
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Fig. 9. (a) Side view of 4 ML Bi atoms under black phosphorous structure and bulk structure. (b) atomic resolution image of

Bi(110) surface grown on graphene, superimposed on the upper layer. The atomic ball and stick model of 1 ML Bi(110) surface.
(¢) STS measurements on a typical 4 ML Bi(110) nanoribbon. The boundary between Bi on EG and Bi on the nanomesh (NM) is

highlighted by a green dotted curve. The STS curves are shifted vertically for clarity. The characteristic peaks are denoted by la-
belsi*?. (d) Bi(110) islands of 2 ML and 4 ML grown on HOPG substrate. (e) 4 ML Bi(110) surface atom resolution image. (f) Dia-

gram of height fluctuations along the blue and green lines in Fig. ().
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Fig. 10. (a) STM topographic images of the corrugation on the Bi(110) islands. U = —0.5 V, I, = 0.3 nA. The height of the island is

indicated in long-range the top left corner of each image, and the autocorrelation of each image is displayed in the inset. (b) and (c)
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Fig. 11. (a) Optimized structures of monolayers of group-IV monochalcogenides with phosphorenelike structure. Side view of the a2z

plane for the four compounds and for phosphorene. Side view of the y-z plane of SnS and phosphorene. Top view of the structures,
with the lattice vectors a and b along the z and y directions. The BZ and the high-symmetry points I', X, T and Y!!'%. (b) TEM
images of SnSe nanosheets. (c) AFM images of SnSe nanosheets with their height datal'”. (d) STM image of a 7 nm SnSe film
(60 nm x 60 nm). The inset shows the line profile along the black line. (e) Cross-section HRTEM image of a 16 nm SnSe film

grown on Bi,Se; film!''8l.
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Fig. 12. (a) Typical STM topographic image of SnTe film. (b) Domain structure. The arrowsin each domain indicate the direction of
lattice distortion. (c) Lattice distortion. Schematic of the lattice distortion and atom displacement in the ferroelectric phase. The
solid lines indicate the rock-salt unit cell, and the dashed lines indicate the primitive cell of the Te sublattice. The arrows point to
the directions of distortion. (d) Polarization manipulation by electric field. Topography images of the same area before (upper) and
after (lower) a 5 V voltage pulse is applied for 50 ms on the film. The arrows indicate the direction of polarization. (e) Band-bend-
ing. Spatially resolved dI/dV spectra (right panels) obtained along the two arrows in the image on the leftl'?. (f) I-V hysteresis
curves of a lateral SnS memory device (channel length L = 4 pm, cycled from 5.5 to 5.5 V) measured at different gate voltages V,['?l.
(g) lattice thermal conductivity for the group IV-VI monolayers are calculated as a function of the temperature using iterative (solid
lines) and SMRTA (dashed lines) method. All four of the materials have very low lattice thermal conductivity. We also found the
different lattice thermal conductivity along the armchair and zigzag directions!'30.
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respectively. The final geometric structures at the end of 6 ps are also shown!'*?. (b) Comparison of the relaxed-ion piezoelectric

coefficients between previously studied 2D piezoelectric crystals (MoS,, GeSe, and SnSe) and group-V binary compounds presented

in this work[147,
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Abstract

Graphene, as the representative of two-dimensional materials, has varous novel physical properties and
potential applications. The intrinsic zero band gap of graphene limits its application in semiconductor devices,
and thus the search for new semiconducting alternative materials has become a current research hotspot.
Phosphorene is the monolayer of black phosphorus and has a puckered honeycomb structure. Its advanced
properties, such as adjustable direct band gap, high carrier mobility and in-plane anisotropy and so on, have
recently aroused great research interest, thus opening up the research field of puckered honeycomb monolayers
in group V elements. In this article, we first focus on the structure, synthesis and physical properties of five
single-element two-dimensional materials (nitrogen, phosphorus, arsenic, antimony and bismuth) each with
puckered honeycomb structure. Second, some binary two-dimensional materials with puckered honeycomb
structure are discussed, including IV-VI and V-V compounds. These materials have their own unique crystal
symmetry, and the properties can be controlled by changing their structures and dimensions. Finally, we also
make a summary on some current challenges that need to be solved, and the possible future applications of

these two-dimensional materials are also presented.

Keywords: group V elements, puckered honeycomb, two-dimensional materials
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