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Two-dimensional Blue-AsP monolayers with
tunable direct band gap and ultrahigh carrier
mobility show promising high-performance
photovoltaic propertiest
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The successful fabrication of black phosphorene (Black-P) in 2014 and subsequent synthesis of layered
black As;_,P, alloys have inspired research intc.tv.o-imensional (2D) binary As—P compounds. The very
recent success in growing blue phosphorerzu(i'ue-P) further motivated exploration of 2D Blue-AsP
materials. Here, using ab initio swarm-intaliaefice global minimum structure-searching methods, we
have obtained a series of novel and < 1ergtically favored 2D Blue-AsF (denoted x-AsP, x = I, I, lII, IV, V)
compounds with As:P = 1:1 stoichicmetry. They display similar-2caeycomb structures to Blue-P.
Remarkably, the lowest-energy As™ monolayer, namely I-AsP, not < n:possesses a quasi-direct band gap
(2.41 eV), which can be tunca «» < direct and optimal gap for p'iotavoltaic applications by in-plane strain,
but also has an ultrahia'==1~tronic mobility up to ~7.4 x 107 civi” V™1 s7%, far surpassing that of Blue-P,
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and also exhibits high oFsorption coefficients (x10° cm=Y). Gur simulations also show that 30 nm-thick
[-AsP sheet-based « =lls have photovoltaic efficiency s 10! as ~12%, and the |-AsP/CdSe heterostructure
solar cells possess a yower conversion efficiency as:high as ~13%. All these outstanding characteristics
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suggest the =452 sheet as a promising materia’ 1¢ i.1.igh-efficiency solar cells.

Int-oduction

rhosphorus (P) can form various allotropes in the bulk,
including black P, white P, violet P, and red P, due to inequiva-
lent sp® orbital hybridization."”> Very recently, a two-dimen-
sional (2D) black P, i.e. phosphorene (Black-P), has been suc-
cessfully synthesised, and is found to display a high electron
mobility of x10* em™ V™' s with a direct band gap of
~2 eV.>* This great achievement inspired the discovery of a
series of allotropes, such as f-, y-, 8-, -, C-, n-, 6-, y-, the octa-
gonal tiling, tricycle-like phosphorene, and blue phosphorene
(Blue-P).> "> Among these 2D allotropes, Blue-P is probably most
appealing due to its theoretically predicted wide tunable direct
band gap (1.1 eV-2 eV), enhanced by in-layer strain and the
number of layers'* and the isotropic structure. Unlike the an-
isotropic structure of Black-P, the in-plane hexagonal unit of
Blue-P possesses isotropic structure and properties, and its
bulk layer stacking is very similar to graphite. Remarkably,
Blue-P has been successfully synthesized on an Au (111) sub-
strate using molecular beam epitaxy,'® as well as on tellurium
functionalized Au(111) using black P as the precursor.'®
However, Blue-P exhibits rather low carrier mobility of

This journal is © The Royal Society of Chemistry 2019
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x10> em™> V™! 57177 which restricts its application as a photo-
electric device material.

Arsenic (As), having a similar covalent radius as P among the
group V elements, also exists as crystalline allotropes including
black As and gray As.”> Black As is isostructural with Black P,
while Gray As resembles Blue P. Their limited layers make them
promising candidates for photoelectric applications, as sup-
ported by both theoretical’®>* and experimental® studies.
Moreover, other As allotropes, including honeycomb-structured
y-As, T-As and &-As, are all predicted to have excellent photoelec-
tric and thermoelectric performance.’*>° Among these allo-
tropes, gray As is thermodynamically most favored, and its mul-
tilayer nanoribbons have been synthesized via InAs."”*"*° Due
to its low interlayer interaction energy,’® it is rather easy to
mechanically exfoliate gray As bulk to produce monolayer gray
arsenene (Gray-As), which was recently predicted to be a semi-
conductor with a wide band gap (~2.5 eV)** with high carrier
mobility for optoelectronic applications.>

Considering the identical 2D configurations of black-, blue-
P and -As (with its exceptional properties), 2D binary black
As-P and blue As-P phases provide a means to develop new
materials with modulated optoelectronic properties, including
improved carrier mobility. The recent success in synthesizing a
limited-layer black As; P, (0.17 < x < 1) alloy, a promising
alternative material for mid-infrared applications,'®**7¢ lends
confidence to attempts to fabricate such 2D binary material<.
Meanwhile, other 2D As-P structures, mainly with As: P =21
stoichiometry, such as a-AsP, B-AsP, y-AsP, e-AsP, and. -AsF,
have also been proposed as promising optc leccrouic
materials.’’° However, these AsP polymorphs were octained
by simply replacing alternative P atoms by As ators.

Here, to further explore 2D binary As-P_uoixpounds, we
have systemically investigated the low-'7ing: erergy structures
of As-P monolayer phases (As,P;_,, x = 1/1,1/5, 1/4, 1/3, 1/2,
1/3, 1/4, 1/5, and 1/6) using the particle-swarm optimization
(PSO) multidimensional method.*® As such, we confirm the
high stability of the As:P = 1:1 composition, and ha'e
obtained a series of novel and energetically favorable 20 bi1e
AsP monolayers sharing a similar honeycomb stru-:u.>"to
Blue-P and Gray-As at this composition. More imjpoitanty, the
most stable I-AsP monolayer possesses a tunab’ciaivect band
gap, high absorption coefficients, ultrahigi ea.=iCr mobility,
and superior photovoltaic efficiency. Compared with Blue-P,
the properties of I-AsP are greatly enkai ced by As merging,
and some aspects are close to or ever. v ‘ond those of Gray-As,
suggesting that Blue-AsP is a promu ..z material for photovol-
taic applications. By following o ‘ype II band alignment, we
have constructed a novel sc'ar cell comprising a I-AsP/CdSe
heterostructure, and furtiter demonstrate a relatively high con-
version efficiency of ~ 3% in these cells.

Computational methods

By means of the multidimensional particle-swarm optimiz-
ation (PSO) method implemented in the CALYPSO code,***!

This journal is © The Royal Society of Chemistry 2019
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we searched for low-lying structures of the 2D As,P;_, mono-
layer (x = 1/6, 1/5, 1/4, 1/3, 1/2, 1/3, 1/4, 1/5 and 1/6). The val-
idity of this method has been proved by various systems
ranging from elemental to binary and ternary compounds and
from the ground-state structures of 3D crystals to clusters and
2D crystals.***® The geometric optimizations and electronic
property computations for the 2D As-P structures were per-
formed using the Perdew-Burke-Ernzerhof (PBE) functional in
the density functional theory (DFT) framework within the gen-
eralized gradient approximation (GGA) and projector-augmen-
ted-wave (PAW),"*° as implemented in the Vienna ab initio
simulation package (VASP).>" A vacuum space of 20 A was used
to avoid mirror interactions of adjacent As-P freestanding
monolayers. The van der Waals density functional®® was
adopted to evaluate interlayer interactions more accurately.
Monkhorst-Pack k meshes (the reciprocal space was set to be
0.025 x 21 A™") were selected for Brillouin zone sampling to
ensure that all energy calculations are well converged to
~1 meV. The Heyd-Scuseria-Ernzerhof (HSE) hybrid func-
tional®® was employed to evaluate the electronic band struc-
tures. The dyuamic stability of the 2D blue AsP monolayers
was verificd ««through the direct supercell method, as
implem( ntc d in the PHONOPY code.’ The ab initio molecular
drnamics (AIMD) simulations were annealed at 300 and 750 K
n ‘he NVT ensemble, which lasi=d for 7.5 ps with a time step
of 2.0 fs.

Results ant ciiscussion
Structures ax. 4 scabilities of the blue-AsP monolayer

Both P-at.t.is are group V elements, and can give rise to sp’
hybz dization. The covalent atomic radius of As is very close to
that 0. P (covalent radii: 1.00 and 1.15 A, respectively); thus,
th< pinary As-P compositions most easily form 2D crystalline
structures like Black-P (Black-As) and Blue-P (Gray-As).

Based on our CALYPSO approach with first principles calcu-
lations, we comprehensively explored various possible mono-
layers with different As-P stoichiometries. By computing the
formation energies and plotting the convex hull (Fig. S1t), we
found that the energy differences among different compo-
sitions are exceedingly small, indicating that the As-P system
may form an alloy. Among these stoichiometries, the As:P =
1:1 composition is thermodynamically most favorable in the
2D space. With this 1:1 composition, besides finding several
typical monolayer AsP polymorphs (a, f, v, 8, and ¢), we also
found a series of novel AsP monolayers (label as x-AsP, x =1, II,
I, IV, V), and their structural parameters are given in
Table S1.1 To evaluate the relative stabilities of these mono-
layers, we computed their cohesive energies AE (AsP), defined
as AE(AsP) = E(AsP) — E(As) — E(P), where E(As/P) represents
the free energy of single P or As atom, and E(AsP) is that of
an AsP monolayer. According to this definition, a more nega-
tive AE(AsP) value indicates the higher thermodynamic
stability.

Nanoscale, 2019, 11, 8260-8269 | 8261
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Our newly predicted I-AsP is thermodynamically most favor-
able; in particular, it is lower in energy than B-AsP, the pre-
viously reported lowest-energy structure (Fig. 1a).*”3%°%7¢
Moreover, the cohesive energies of II-, III-, IV-, and V-AsP all
are close to that of B-AsP, and much lower than that of a-AsP
(Fig. 1b). In these x-AsP structures, both P and As atoms are
three-fold coordinated with sp® hybridization, forming
buckled honeycomb hexagonal units.

Viewing these x-AsP structures from above (down onto the
layers, Fig. 1c), we notice that these honeycomb x-AsP struc-
tures share extreme similarity with the atomic arrangement of
Blue-P*” (or Gray-As,** Fig. 1c). Viewed parallel to the layers,
the puckered zigzag of these x-AsP structures in the cross-
section differs significantly from the distinct armchair ridges
of Black-P (or black AsP such as a-AsP, Fig. 1b) that causes the
anisotropy of Black-P, which is also similar to the puckering of
Blue-P (Gray-As). Thus, these x-AsP sheets can be characterized
by a combined structure of Blue-P and Gray-As, which we
denote “blue AsP”. Among these x-AsP sheets, the I-AsP sheet
is thermodynamically most stable, and is expected to be most
readily achieved by experimental synthesis. Thus, in the follow-
ing sections, we will focus on the I-AsP sheets.
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The I-AsP monolayer contains two different hexagonal
units; one consists of three neighbouring As and P atoms, and
the other has three alternated As and P atoms. The unit cell
consists of six atoms with lattice constants @ = b = 5.96 A. In
the puckered structure, there are three types of bonds with
bond lengths d; = 2.52 A of As-As, d, = 2.25 A of P-P, and d;
2.40 A of As-P, and four types of bond angles: 6; = 94.1°, 6,
90.9°, 65 = 95.6° and 6, = 89.2° (Fig. 1c).

To evaluate the dynamic stability of the I-AsP monolayer, we
calculated its phonon dispersion relations using the finite-dis-
placement method. No imaginary frequency in the first
Brillouin zone was found (Fig. 2a), which confirms its dynamic
stability. Moreover, the thermal stability of I-AsP was examined
using AIMD simulations. For T = 300 K, the I-AsP monolayer
only undergoes a minimal change, and no remarkable struc-
tural disruption is observed throughout simulations.
Meanwhile, we performed AIMD simulations at 300 K under
an O, atmosphere (Fig. S27). After full atomic relaxation over a
run of 7.5 ps, the I-AsP structure obtained from AIMD simu-
lations at 300 K retains its initial configuration without any
sign of oxiduaidon. These simulations demonstrate that the
I-AsP mondlaz<r is stable at room temperature. When the
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Fig. 1 (a) The computed cohesive energies of our newly predicted x-AsP (x = I, Il, lll, IV, V) monolayers in comparison with those of typical AsP poly-
morphs (o, B, v, 8, and ¢). (b) The side and top views of a-AsP as a combined structure of Black-P and Black-As. (c) The side and top views of Blue-P,

Gray-As, p-AsP, and our newly predicted I-, Il-, llI-, V-, and V-AsP monolayers.
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temperature increases up to 750 K, the monolayer st iciries
start to break down and gradually lose their structziral infegrity
(Fig. S27).

Significantly, adopting an alloying stra‘egv. :e_ent experi-
ments have synthesized limited-layer black As.,P, alloys with
different and tunable compositions (0.17 < < 1) at elevated
temperatures.'®'® We are aware th{i“he experimental syn-
thesis of black As;_,P, alloys is<!ag ly affected by tempera-
ture.”® Since our AIMD simula i<1s suggest that I-AsP is not
stable at 750 K, we followud a a.fferent route to prepare I-AsP
in this study. Very recéntiy, Cui et al>® proposed a novel
kinetic pathway for farivating Blue-P via an epitaxial growth
process; Zhang e: a.'? =xperimentally realized a molecular
beam epitaxial [ rovitn of Blue-P on Au(111) using black P as a
precursor. Meanwhile, Chen et al.'® successfully grew quasi-
free-standing Blue-P on Te-functionalized Au(111). These
remarkable experimental achievements pave a way to the syn-
thesis for Blue-AsP (I-AsP).

This journal is © The Royal Society of Chemistry 2019

gh syn.meuy k points in the first Brillouin zone: T" (0, 0, 0), X (0.5, 0, 0),

Electronic properties and tunable band gap engineering

To understand the chemical bonding, the electron localization
function (ELF) and the corresponding partial densities of
states (DOS) of the I-AsP monolayer were calculated. In the ELF
(Fig. 2¢), abundant electrons are tightly localized between adja-
cent atoms, revealing the strong covalent electron states of the
c bond formed by the sp’-hybridized orbitals of As and P
atoms. The calculated DOS of the I-AsP monolayer (Fig. S3t)
has strongly overlapping s—p orbitals for As and P atoms, con-
firming these covalent bonding characteristics.

The I-AsP monolayer is semiconducting with a quasi-direct
band gap (Fig. 2d). The valence band maximum (VBM) occurs
at the ' point, while the conduction band minimum (CBM)
lies between the I and X points, and is only slightly higher in
energy than the I' point. Such a weak indirect band gap is
advantageous for photovoltaic applications (see below), and
also permits strong absorption and high electron mobilities,

Nanoscale, 2019, 11, 8260-8269 | 8263
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as reported in the InP; monolayer and some hybrid perov-
skites.®”®! Particularly, the band gap of the I-AsP monolayer
(1.77 eV at PBE and 2.41 eV at HSEO06) is well-suited to photo-
voltaic applications.

Compressive or tensile strains have been demonstrated,
both experimentally and theoretically, as an effective method
to modulate the electronic band structures.®” Meanwhile, 2D
materials can easily bear a certain strain effect, which can be
operated through a lattice mismatch on a substrate or by
mechanical loading in experiments.”® Therefore, we have exam-
ined the effect of strain on the band structures of the I-AsP mono-
layer. An imposed uniaxial strain is defined as 6 = Al/l,, where Al
is the change of the lattice constant and [, is the lattice constant
of the rectangle supercell. The dependence of the band gap on
the in-plane stretching along the zigzag direction and the arm-
chair direction was calculated under strain from —-15% to 15%
(Fig. 3a), respectively. Interestingly, the band gaps of the I-AsP
monolayer decrease gradually with either compressive or tensile
strains, which differs from the monotonic trend from com-
pression to tension as found in the case of Black-P.* This feature
can be attributed to Mexican-hat-like® flat valence bands, which
render sharp peaks in the density of states (DOS) and van Hove

. o o1 .
singularities (VHSs) with W/ divergence near the Fermi level as
suggested by Fig. 3,1 akin to Blue-P'* and InP3 monolayers.**
Such electronic states bring about a non-monotonic response .
the VBM or CBM to various strains and lead to the unusual bana

gap trend from compression to tension.
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Moreover, the structures of the I-AsP monolayer can
change into a multilayer by a van der Waals (vdW) stacking
strategy. The possible stacking patterns for the bilayer (2L)
and trilayer (3L) I-AsP are presented in Fig. S41 and their
cohesive-energy differences are evaluated (Tables S2 and
S31). Among these, the AB and ABC stacking are the ground
state structures, which are the same as for the Blue-P and
Gray-As. Adopting the stable 2L (AB) and 3L (ABC) stack-
ings, we further calculated the layer-dependent band gap of
I-AsP sheets (Fig. 3b). We found that the band gap of I-AsP
can also be tuned by increasing the number of layers, and
shows a monotonic decrease with increasing the I-AsP
layers.

Interestingly, the band gap on the in-plane stretching
along the zigzag direction and biaxial strain can be tuned to
have direct character (Fig. S51). The I-AsP monolayer has an
indirect-to-direct gap transition at the I point under tensile
strains of ~13% along the zigzag direction (Fig. 3c) and
under ~3.8% biaxial compressive strain (Fig. 3d), respect-
ively. Notably, the character of the direct band gap can be
fixed and thC gap value changed from ~0 eV to ~2 eV by
biaxial strain £om 3.8% to 6% under the PBE level (Fig. S57).
These Eanc¢ gap characteristics for the I-AsP monolayer, in
respcuse to tensile strains, are quite similar to those of Blue-
P and Gray-As.™ Such a strain--uned direct band gap has a
clear advantage for its potcatici photovoltaic applications,
as electronic excitation tecames possible at lower phonon
energy.
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Fig. 3 (a) Dependence of the band gap of the I-AsP monolayer on the in-layer strain from —15% to 15%, (b) the layer-dependent band gap of I-AsP.
(c—d) The indirect—direct semiconductor transition is triggered by 13% tensile strain along the zigzag direction (c) and 3.8% biaxial compressive

strain (d), respectively.
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Carrier mobilities of the I-AsP monolayer

We note that the conduction bands in the calculated band
structure of the I-AsP monolayer are rather dispersive, which
implies a high electron mobility. Thus, we have theoretically
investigated the carrier mobilities of the I-AsP monolayer
along the zigzag and armchair directions. According to the
deformation potential (DP) proposed by Bardeen and
Shockley,””> under the effective mass (m*) approximation, the
analytical expression of acoustic-phonon-limited carrier mobi-
lity (#) in 2D materials is given as

o e’"’l3 Caq
M ke Tmrmg (£, )

in which kg is the Boltzmann constant, e is the electron
charge, and the temperature T is set to 300 K. The average
effective mass (mg) is equal to my = vVm2mP. The effective
mass m* (m* and mP) of holes and electrons is calculated
based on the data about the band structure (VBM for holes
and CBM for electrons along I'-X and I'-Y for the rectangle
cell) and is given by the equation:

e 2 [aZE(k)} !

ok?

where k is the wave vector, and E(k) is the energy corres-
ponding to k. Cyq = [0°E/05%)/S, and E,y = OAE/95 are the ir
plane stiffness with the longitudinal strain and the defor
mation potential as the change of band edges in VB.1 fo:
holes and CBM for electrons when in-plane st airs ure
employed along the zigzag and armchair directinns, .2spect-
ively. Sy and AE are the area of the equilibrium ‘wup~rcell and
the value of CBM (VBM) relative to the vacuuni =1.2rgy, respect-
ively. 6 = Al/l, and E is the total energy.

Related data are given in Fig. S6.,.7ny calculated defor-
mation potential constant E,;, the elasuc modulus C,g, the
effective mass m* and mobility y of electrons and holes along
zigzag and armchair directions are summarized in Table /.
Except for the 2D elastic modulus C, most quantities‘are o.
moderate magnitudes and are anisotropic along th:. z'o7ag
and armchair directions. These features are rather.s mruar to
Blue-P and Gray-As: the directional 2D elastic raaaiias C for
the I-AsP, Blue-P, and Gray-As all are relativsiy is>tropic, which
may result from their similar planar isotropic h7 xatomic rings.
Comparing the calculated m* values .fc: LAsP, Blue-P, and
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Gray-As, the effective mass m* of electrons are within an order
of magnitude, but are smaller than the corresponding value
for holes, which can be understood by the very flat valence
band and the more dispersive conduction band. As expected,
the distinctively dispersive conduction bands lead to ultrahigh
electronic mobility in both zigzag and armchair directions.
The calculated electron mobility for the I-AsP monolayer is up
to ~7.4 x 10" em® V' s7', which far surpasses that of Blue-P
(~4.7 x 10> em® V7' s71),"” Gray-As (~4.74 x 10° em® V' s71),*°
and the a-AsP (~1.4 x 10* em® V' s7"),*® and suggests its
ability for high charge carrier transfer in photovoltaic appli-
cations. Moreover, the carrier mobilities of the bilayer and tri-
layer I-AsP were evaluated (Table S4t). Our calculations indi-
cate that y strongly depends on the number of layers and are
anisotropic in the zigzag (x) and armchair (y) directions.
Electron mobilities in the x direction and holes mobility along
the x or y direction are increasing with the number of layers,
which was expected already from the change of the effective
mass and the deformation potential constant in their band
structure (Fig. S8 and S97).

Optical propertizs of the I-AsP monolayer

We have ca culated absorption properties based on the dielec-
tric 11nciion &(w) = &(w) + iey/w), where w is the frequency.
Theabsorption coefficient a(w) was calculated using
1/2

a(w) = \/Ew(\ e (w) + &2 (w) — 81({1))>

where ¢; is the real pait of the complex dielectric function,
which could L “Znained from ¢, using the Kramer-Kronig
relationship.c;.is'defined as:*°

an’e® . 1
sw) = e lqlir&q—ZZZwk(s(sck — &k — @)

cv,k

X <ﬂck+e,, ‘ka> <Mck+e,; |:u:/k>

where a and S refer to the x and y directions, and £ is the
volume of the unit cell. The indices ¢ and v refer to the con-
duction and valence band states, respectively. y. corresponds
to an eigenstate with wave vector £.

We have calculated the absorption coefficients of I-AsP and
compared them with those of Blue-P and Gray-As (Fig. 4a). The
overall absorption coefficients along the in-plane directions
(zigzag and armchair directions) of the I-AsP monolayer are

Table 1 Calculated effective mass ¢v /mj), deformation potential constant (E), 2D elastic modulus C?°, and mobility (1) for electron (e) and holes

(h) along zigzag (y) and armchair ‘x, > vections

2D structures wolmy my /mo C? (Nm™) GP (N m™) EX (eV) B (eV) ty (em®> VtsTh M,em®V's™!
I-AsP e 0,21 0.12 62.51 63.18 2.30 1.08 17.50 x 10° 74.49 x 10°
gn 0.10 0.46 62.51 63.18 10.18 2.13 540 2550
Gray-As“ R 0.13 0.13 55.50 55.50 3.9 3.9 4.74 x 10° 4.74 x10°
h 0.53 0.53 55.50 55.50 1.7 1.7 1460 1460
Blue-P? e 0.94 0.14 78.09 78.19 3.20 2.09 4.7 x10* 50
h 3.48 0.83 78.09 78.19 0.61 11.85 1710 60

“Ref. 29. ? Ref. 17.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) The calculated light absorption spectra for the Gray-As, Blue-P, and the 1-AsP monolayer. (b) The theoretical photovoltaic efficiency

(SLME) as a function of slab thickness for the I-AsP sheets compared with Gray-As and Blue-P.

larger (10° ecm™') than those of Blue-P, and comparable to
those of Gray-As. Their absorption coefficients along zigzag
and armchair directions are nearly equal for every light region.
These relatively isotropic in-plane directional absorption
coefficients reflect their planar and rather isotropic strings in
the structure. These outstanding optical performances of
the I-AsP monolayer suggest that it may be a very promising
material for efficient photovoltaic solar cell applications or in
optoelectronic devices.

The I-AsP sheets as a photovoltaic material in solar cells

The above calculations show that our newly predictca 1A
monolayer has a quasi-direct band gap (2.41 eV) simil« to that
of Blue-P (~2.62 eV) and Gray-As (~2.49 eV), ar..the quasi-

(a) (b)

(e)

Fig. 5 (a) Schematic of the |-AsP/CdSe heterostructure-based solar

direct band gap is tunable to a direct and optimal gap for
photovoltaic applications. The outstanding optical properties
further suggest its promise as an efficient photovoltaic
material for use in solar cells. Note that the photovoltaic
efficiency“in #l.\ practical solar cells also relies on the thick-
ness of tiic.1'AsP sheets. Thus, we theoretically calculated the
photevariaic efficiencies of the I-AsP sheets, by calculating
.2 spaccroscopic limited maximum efficiency (SLME) based
on the improved Shockley-Qrivisser model.®®
lated as a function of the thicrness by noting the absorption
coefficients and the thi(kn ss of the sheets. This simulation
was performed undei tho standard AM1.5G solar spectrum at
room temperaturz; and compared with those of Blue-P and
Gray-As.

This was calcu-

Conduction Band Offset (eV)

1.0 15 2.0 25 3.0 35
Band Gap of Donor (eV)

cell. (b) The optimized structure of the I-AsP/CdSe heterostructure.

(c) Schematic drawing of the type-Il band I-AsP/CdSe heterostructure. (d) Simulated PCE of the heterostructure made by |-AsP/CdSe materials.
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Notably, the SLME of I-AsP sheets is higher than that of
Blue-P and close to that of Gray-As for any given thickness
(Fig. 4b). Their photovoltaic efficiency generally increases as
the thickness of these sheets is augmented over the 0-3.0 pm
range. For example, 30 nm-thick I-AsP sheet-based cells can
have a photovoltaic efficiency up to ~12%, higher than the
Blue-P, and comparable to that of ¢-Si®” (~10%).

Furthermore, we constructed a type-1I band solar cell of the
I-AsP/CdSe heterostructure (Fig. 5a), where I-AsP and CdSe are
donor and acceptor materials (Fig. 5b), respectively, based on
the CBM (—4.02 eV) and the VBM (—5.79 V) for I-AsP as well
as the CBM (—4.32 eV) and the VBM (-6.12 eV) for Cdse®®
(Fig. 5¢). Subsequently, the energy conversion efficiency (PCE)
n of the I-AsP/CdSe heterostructure is calculated according
to:"°

:JchocﬂFF
Psolar
0.65(E3 — AE. — 0.3) [4 P(hw)d(hw)
— g

B J57 P(hw)d (7o)

in which Jg., Vo, frr and Pggar are the short circuit current, the
maximum open circuit voltage in eV units, the band-fill factor
(Ber = 0.65), and the incident solar flux (Pyopar = 1000 W m™2),
respectively. In detail, Ji. is the integral L;E P(hw)d(hw) in the
limit of 100% external quantum efficiency (EQE),*® Pyar is
obtained from the integral |;° P(ho)d(hw) for the AM1.5 solir
flux P(hw) (stated in W m™> eV "), and V.. is derived fro= ti=
(Eg — AE. — 0.3) term, where Egd is the band gap of thc dunsr
I-AsP and AE, is the energy difference between Cr: of the
donor I-AsP and the acceptor CdSe.

As can be seen in Fig. 5d, the I-AsP/CdS» eierostructure
solar cell can possess a PCE as high as ~127¢, vshich is much
higher than the best value (~9%) of eyisting-=olar cells,”® and
competitive with the nanocarbon-hated photovoltaics
(9-13%),”" and close to the g-SiC, systems (12-20%)’? and the
recently  proposed  MoS,/phosphorene  heterostructure
(16-18%).”>”* These simulations confirmed that the A:P
sheets can be used as a photovoltaic material in sela: ce''s
with a superior photovoltaic efficiency.

Conclusion

In summary, we have identified the [0w+ 7ing energy structures
of the As,P;_, monolayer in the«21 _pace based on the PSO
algorithm approach combined® = h ab initio calculations, and
confirmed that the As:2 = .:1 composition is thermo-
dynamically most favorable arnong all the examined stoichio-
metries. At this 1:1¢ co nposition, a series of energetically
favored Blue-AsP rnna'ajers (x-AsP, x = I, II, III, IV, V), sharing
similar honeyce mu structures with Blue-P, were predicted for
the first time. The lowest-energy I-AsP monolayer has a quasi-
direct band gap (2.41 eV) and Mexican-hat like flat bands near
the Fermi energy, which lead to a nonmonotonic electronic
response to compressive and tensile strains. Remarkably, an

This journal is © The Royal Society of Chemistry 2019
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indirect-to-direct gap transition can occur under tensile strains
of ~13% along the zigzag direction or at ~3.8% biaxial com-
pressive strain. Moreover, the I-AsP monolayer possesses extra-
ordinary electronic mobility up to ~7.4 x 10* em®* V™' s7', and
absorption coefficients (x10° em™') far surpassing those of
Blue-P across the entire visible solar spectrum. These advan-
tages demonstrate it as a very promising material for high-
efficiency solar cells. As indicated by our simulations, 30 nm-
thick I-AsP sheet-based cells can have a photovoltaic efficiency
up to ~12% and the I-AsP/CdSe heterostructure solar cell can
possess a PCE as high as ~13%. All these data strongly suggest
that the I-AsP sheet is a very promising photovoltaic material
for use in solar cells.
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