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Table 1.  Lattice mismatch ratio and surface binding
energyof PbX and CsX interface in CsPbX;-PG heter-

ostructures.

P AR/ (meV-A 2)

X BRI/ %

PbX-PG CsX-PG
Cl 0.15 -1.92 12.42
Br 1.33 -6.02 0.54
1 3.46 -5.43 1.03

PG S 45 kA7 ik, CsPbX,-PG S i 45 A 1
Fiw, BT ks R BC U AR /N, G5H S50 AR RAR /N,
e AL i 7 )2 BB 2 4y, dy, 1 dy 3 1A 3.18,
3.39 i1 3.51 AL KBk, 7584 i 1) — 4 CsPbXy
PG 5 gs i R T S50 I AR E S5 F PR, B
T2l R vd W 2 fih.

(e)

K1 =Fl CsPbXy-PG 5 BES K TP A I AL (a),
(b) CsPbCly-PG; (c), (d) CsPbBr3-PG; (e), (f) CsPbl3-PG
Fig. 1. Top and side views of the CsPbX;-PG heterostruc-
ture: (a), (b) CsPbCl3-PG; (c), (d) CsPbBrs-PG; (e) (f) CsPbls-
PG.
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(a) CsPbCly-PG 5 fi%h; (b) CsPbBry-PG 5 Ji4h;
(c) CsPbI,-PG 5 JFE 4%

Fig. 2. Energy and temperature fluctuation respect to time in AIMD simulation at 300 K: (a) CsPbCl;-PG heterostructure;
(b) CsPbBr3-PG heterostructure; (¢) CsPbI;-PG heterostructure.

(a) 3 g

Energy/eV
Energy/eV
Energy/eV

Kl 3 (a) CsPbCl3-PG, (b) CsPbBry-PG, (c) CsPbly-PG 5125 ety A ft 1, 41, ¥4 IR CsPhX; 1 PG L2 1Y REHY

Fig. 3. Electronic band structures of heterostructures: (a) CsPbCl3-PG; (b) CsPbBry-PG; (¢) CsPbl-PG. The red and blue lines
represent the energy bands of CsPb.Xj; slabs and PG monolayer, respectively.
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%2 CsPbXs-PG 5 es bl 5w BAdE
Table 2.  Calculated band gaps of PG monolayer,
CsPbXj; slabs and CsPbX3;-PG heterostructures in
the pre-contact state (left) and contact state (right)
by PBE functional.

HeflT (L5 Hefuhs (5%
PG CsPbX; PG CsPbX; CsPbX3-PG
Cl 2.21 2.21 2.21 2.62 1.30
Br 2.28 1.77 2.28 1.79 1.62
I 2.36 1.52 2.36 1.30 1.20
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WE5E 5 B 48 1 DGR RE % 1 A G F g
e TR R S RO SR AR A HiL R
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E( =0eV
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[\~

o
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————
E( 0 eV
—1F

JRZET VBM HIl CBM A fE ALY, Hd, W (L £R PG B2 ML H 4 5 R CsPbX;( X = CL Br, D RIS

Fig. 4. The energy level alignment diagram of the CsPbX3-PG heterostructures: (a)—(c) the pre-contact states, (d)—(f) PBE calcu-
lated contact states and (g)—(i) HSE + SOC validated the energy eigenvalues of VBM and CBM points in the contact states. The
blue blocks represent the energy level of PG monolayer and the red blocks represent the energy level of CsPbXj slabs [X = Cl, Br, I

(from left to right)].
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Fig. 5. The plane-averaged electron density difference along Z direction of (a) CsPbCly-PG, (¢) CsPbBrs-PG, (e) CsPbl;-PG. 3D
charge density difference of heterostructures: (b) CsPbCl3-PG, (d) CsPbBrs-PG, (f) CsPbl;-PG. (Yellow represents gain electrons,

and green represents lose electrons).
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Fig. 6. Light absorption capacity of (a) CsPbCly-PG,
(b) CsPbBr3-PG, (c) CsPbI;-PG. The red, blue and black
line represent the light absorption capacity of CsPbX3;-PG
heterostructures, CsPbX; slabs and PG monolayer, respec-
tively [X=Cl, Br, I (up-down)].
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First principle calculations of interface interactions and
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Abstract

Heterostructure engineering is an effective strategy to improve the optoelectronic properties of
semiconductor materials. We propose a van der Waals (vdW) heterostructure based on perovskite CsPbX; (X =
Cl, Br, I) and two-dimensional penta-graphene (PG), and investigate the stabilities of two kinds of interface
contacts (Pb-X and Cs-X) by first-principles calculations. And we also study the electronic structures and
optoelectronic properties of CsPbX5-PG heterostructures with stabler Pb-X interface. Our results show that all
the CsPbX; (X = Cl, Br, I)-PG heterostructures possess the type-II band arrangement, that the energy level
gap is gradually narrowed from Cl to I, and that there are good photogenerated carrier separation ability and
charge transport property. Moreover, the absorption spectrum of CsPbX3;-PG heterostructures can be broadened
and the optical absorption ability is effectively improved. The power conversion efficiency (PCE) of CsPbX;-PG
can increase up to 21% given by theoretical estimation. These results indicate that the optoelectronic properties
of the all-inorganic metal halide perovskite CsPbX3;-PG heterostructures can be effectively improved, which

would become a potential candidate for high-performance photoelectric conversion devices.s.

Keywords: perovskite CsPbXj;, penta-graphene, van der Waals heterostructure, optoelectronic property
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