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Electrically controlled band-gaps and efficient carrier confinement or separation are crucial in the design of
nanoscale light-emitting and photoelectric devices. Here, using hybrid density functional calculations, we
studied the electronic and optical properties of graphitic zinc oxide (g-ZnO) and phosphorene van der
Waals (vdW) heterostructures. We found that although black(blue) phosphorus/g-ZnO shows an intrinsic
type-I(type-Il) band alignment with a direct(indirect) band-gap, a vertical electric field can induce type-I-
to-type-Il transition for the black phosphorus/g-ZnO, and the band edges of blue phosphorus/g-ZnO
can be electrically modulated to obtain a direct band-gap at the I' point. Intriguingly, the
heterostructures also showed improved visible-UV light adsorption compared with the single-layers. Our
findings reveal that g-ZnO can be used not only as a capping layer to protect the electronic
characteristics of phosphorene, but also as the active layer to tune the electronic and optical properties
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1 Introduction

Since the successful exfoliation of graphene,"? two-dimensional
(2D) materials such as single-layer (1L) transition metal
dichalcogenides (TMDs)>* have attracted great attention
because of the peculiar physics brought about by them and their
potential for the next generation of nanoscale device applica-
tions.*> Recently, a new elemental 2D material called black
phosphorus (black-p) has been fabricated by several research
groups.®® Unlike semimetallic graphene and the typical 1L-
TMD MoS,, which both exhibit low electron carrier
mobility**° (10-200 cm® V™" s~ '), black-p has many fascinating
properties such as a finite direct band-gap (£;) and high elec-
tron mobility (1000 cm® V™' s7') at room temperature.***? Very
recently the theoretically-predicted blue phosphorus (blue-p),*
which is an allotrope of phosphorene, was successfully
synthesized.™ Theoretical calculations indicated that blue-p has
a wider Ey and a higher hole mobility (1700 cm® V™' s™') than
black-p.**>*¢

Despite these advantages of phosphorene, black-p and
blue-p have poor structural stability at ambient conditions in
the presence of water and oxygen molecules.””** Enhanced
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of phosphorene, which may promote potential phosphorene-based applications in the future.

stability was reported in few-layer black-p flakes, which were
passivated by Al,03.>»** The multilayer black-p was predicted
to demonstrate better stability than its 1L counterpart.® In
this sense, chemically stable 2D materials can be considered
as capping layers to protect phosphorene from ambient
degradation.”**

Zinc oxide (ZnO) is a key technological material which is well
known for its versatile properties and applications in photo-
catalysts,?® solar cells,” piezoelectrics,?® etc. Graphitic zinc oxide
(g-ZnO) is the 2D form of bulk ZnO.>*' Compared with bulk
ZnO, little is known about g-ZnO although it has been
confirmed experimentally for several years.” Importantly,
previous theoretical and experimental works have shown that g-
ZnO is chemically stable.*' Yao et al. found that g-ZnO is
a suitable substrate for graphene in real applications.** A
natural question arises: can g-ZnO be used to protect the
intrinsic electronic properties of phosphorene? Van der Waals
(vdW) heterostructures based on the integration of 2D materials
have presented abundant opportunities for applications in
light-emitting®*** and photoelectric devices.***® In the design of
these devices, the electrically controlled E, and efficient carrier
confinement or separation are crucial.***>*” However, the E,
type and band alignment are usually fixed,*®*** e.g., black-p/
MoS,* and black-p/blue-p,* which limits the multifunctionality
of the devices. Considering that the heterostructures are often
subjected to an electric field (E) when applied to nano-electronic
devices, another question arises: can black(blue)-p/g-ZnO vdW
heterostructures have electrically tunable electronic properties
for the above applications?

This journal is © The Royal Society of Chemistry 2017
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2 Computational methods

First-principles calculations were performed using the VASP
code®* with the PAW method.** We approximated the
exchange-correlation potential with the PBE functional.*® A
plane-wave cutoff of 750 eV was used throughout. 14 x 2 x 2(16
x 16 x 1) k-point meshes*® were used for the black-p(blue-p)/g-
ZnO heterostructures. Using these parameters, an energy
convergence of less than 0.015 meV per atom was achieved.*”
The crystal structures were relaxed until the inter-atomic forces
were smaller than 0.01 eV A%, A vacuum space of 15 A was used
in the direction normal to the layers. The vdW-DF method was
used to describe the vdW interactions.*® Since the E, is usually
underestimated by DFT, e.g., the PBE calculated E; of black-p is
0.93 eV while the experimental value is 1.45 eV,* the electronic
and optical properties were calculated using the HSE06 hybrid
functional.*®

3 Results and discussion

We first obtained the equilibrium structures of black-p, g-ZnO
and blue-p. As shown in Fig. 1(a), the calculated lattice
constants of black-p, g-ZnO and blue-p were ay(b;) =
3.299(4.613) A, a, = 3.289 A and a; = 3.278 A, respectively,
which agreed well with previous theoretical and experimental
values.'?°13% To construct blue-p/g-ZnO, the lattice constant
was set to 3.283 A so that the maximum lattice mismatch was
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just 0.16%. For black-p/g-ZnO, we first changed the primitive
cell of g-ZnO to a rectangle unit cell with a, = 3.289 A and b', =
5.696 A, then the heterostructure consisted of a 1 x 5 x 1
primitive cell of black-p and a 1 x 4 x 1 rectangle unit cell of g-
ZnO. The lattice constants of black-p/g-ZnO were a = 3.294 A
and b = 22.925 A and the maximum lattice mismatches were
only Aa = 0.15% and Ab = 0.62%. Thus, g-ZnO had well-
matched lattice constants with respect to black(blue)-p.

To get the most stable black-p/g-ZnO, we moved the black-p
along the armchair direction while the g-ZnO was kept fixed.
Meanwhile, the relative displacement between the black-p and
¢-ZnO along the zigzag direction was considered. Then we
relaxed all the possible patterns of heterostructures and ob-
tained the corresponding total energies. For blue-p/g-ZnO there
were AA, AB and C patterns.®® Other typical patterns are
provided in the ESIt.*”” The most stable patterns are shown in
Fig. 1(b) and (c). We found that the AB pattern, where the lower
P atoms were just above the Zn atoms, was the most stable
pattern of the blue-p/g-ZnO, which is similar to the case of h-BN/
graphene.” In the relaxed structure of isolated g-ZnO, the Zn
and O atoms formed a hexagonal plane,** which could also be
seen in the blue-p/g-ZnO. In the black-p/g-ZnO however, the Zn
and O atoms had little buckling height (hz,.o) along the ¢
direction even when we relaxed the black-p/g-ZnO without fixing
the in-plane lattice constants. The maximum %z,_o (0.34 A) we
achieved was within the scope of the experimental value,”
where the g-ZnO grown on Ag(111) showed a i, o of 0.12-0.58

black-p /g-Zn0O

blue-p /g-ZnO

Fig.1 The top view (upper panel) and side view (lower panel) of (a) the three single layers, (b) black-p/g-ZnO and (c) blue-p/g-ZnO. The dotted
lines in (a) denote the primitive cells. The yellow solid lines in (a) denote the rectangle unit cell of g-ZnO. The dotted lines in (b) and (c) denote the

heterostructures.
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A. Besides, the average fi,_o of the black-p/g-ZnO was just 0.007
A. The calculated E,s of the isolated g-ZnO without /7, o and
that with A, o in the black-p/g-ZnO were 3.29 and 3.27 eV,
respectively, suggesting that the very small strain and the %z, o
have negligible effects on the electronic properties.

The interlayer distance (d) of the black(blue)-p/g-ZnO was
3.23(3.44) A. The binding energy (E,) of the black(blue)-p/g-ZnO,
which was calculated by E, = E[black(blue)-p/g-ZnO] — E
[black(blue)-p] — E(g-ZnO), was 34.82(23.55) meV per atom.
Note that different strategies in describing the vdW interactions
often lead to marked differences in quantifying the Ey(d). The
predicted Ey(d) of black-p/g-ZnO was 43.32(3.09), 50.23(2.95)
and 52.39(2.79) meV per atom (A) by optPBE,*> optB88 (ref. 52)
and DFT+D3,* respectively. OptPBE, optB88 and DFT+D3 pre-
dicted that the Ey,(d) of blue-p/g-ZnO was 31.98(3.2), 38.79(3.09)
and 40.67(2.86) meV per atom (A), respectively. Clearly, all the
vdW functionals employed here gave qualitatively consistent
results about the relative amplitude relation of Ey,(d) for the two
heterostructures, ie., the black-p/g-ZnO had a larger (lower)
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Ep(d) than the blue-p/g-ZnO. Besides, other main conclusions
(e.g., the most stable patterns of heterostructures and the elec-
tric field induced E, crossover) were also not affected by the
choice of vdW functional. Therefore, in what follows we just
show the results using vdW-DF.*® The Ey,(d) values obtained by
other vdW functionals can be used as references for experi-
mental measurements. As shown in Fig. 2(a), the black-p/g-ZnO
displayed a direct E; of 1.38 eV, and both the valence band
maximum (VBM) and conduction band minimum (CBM) were
located at the I" point. Whereas blue-p/g-ZnO showed an indi-
rect Eg of 2.26 eV, and the VBM was located at the I" point while
the CBM lay between the I and M points. Compared with iso-
lated black(blue)-p (Fig. $31), the direct(indirect) E, character of
black(blue)-p was kept and the E, of black/g-ZnO was nearly
unchanged, while the E, of blue/g-ZnO decreased to 2.26 eV. To
understand this, the band structures of black-p(blue)/g-ZnO
were projected to their components. We can see that both the
VBM and CBM of black-p/g-ZnO were contributed by black-p,
suggesting the type-I heterostructure. For blue-p/g-ZnO, the
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(a) The band structures of black-p/g-ZnO (left panel) and blue-p/g-ZnO (right panel). The color scales denote the contributions from the

single layers. Inset is the band decomposed charge density of VBM(CBM). The isosurface value is 0.001 e~ bohr~3. Schematics of the band
alignments are also shown. (b) The average electrostatic potential and (c) differential charge density of blue-p/g-ZnO along the z direction. E;, is
the built-in electric field. The negative(positive) values of Ap denote the gain(loss) of electrons.
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VBM was contributed by g-ZnO while the CBM was distributed
on blue-p, indicating the type-II heterostructure. From Fig. 2(a)
and S3,T we can also see the main energy-band dispersion of
isolated blue-p in blue/g-ZnO. Thus, the above results imply that
2-ZnO can be used as a potential capping layer to protect the
main electronic characters of phosphorene, especially black-p.
The band alignments of heterostructures are even more
important than the band structures in material and device
design. Type-I band alignment of black-p/g-ZnO can facilitate
the radiative recombination of holes and electrons, which is
desirable in light-emitting applications.** Type-II band align-
ment of blue-p/g-ZnO is one of the key factors for the efficient
separation of photogenerated electron-hole pairs, which can
increase the carriers’ lifetime and is desired for applications in
photodetection and photovoltaics.**** The photogenerated
electrons of g-ZnO can be easily transferred to the CB of blue-p
while the photogenerated holes of blue-p have the counter
movement, ie., from blue-p to the VBM of g-ZnO. As a result, the
energy-wasted electron-hole recombination could be greatly
reduced. We can gain further insight from the band decom-
posed charge densities of VBM(CBM). As shown in the inset of
Fig. 2(a), all the charge carriers are confined in the black-p,
while the lowest-energy electrons and holes of blue-p/g-ZnO
are spatially localized on the blue-p and g-ZnO, respectively.
Another key factor which efficiently separates the electrons and
holes is the large built-in electric field (E). Thus we plotted the
average in-plane electrostatic potential of blue-p/g-ZnO.
Fig. 2(b) clearly shows the significant potential difference at
the interface region, indicating the large built-in E, which
promotes the transition of electrons(holes). The transfer of
carriers can also be seen from the differential charge density
(eqn S4t). As shown in Fig. 2(c), the negative(positive) values
denote the accumulation of electrons(holes) at the blue-p(g-
Zn0), indicating that the p-type g-ZnO and n-type blue-p form
a type-1I p—n heterostructure.

—Dblack-p/g-ZnO
—Dblack-p
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Fig. 3 Absorption coefficients of black(blue)-p/g-ZnO and the
components. The imaginary parts of the dielectric functions are
averaged over all the directions.
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As an efficient photoelectric device, it should absorb as much
visible-UV light as possible. Thus we studied the optical
absorption by calculating the frequency dependent dielectric
function in the independent-particle picture. As shown in Fig. 3,
the black-p/g-ZnO exhibited stronger visible-UV light absorp-
tion than its components, especially in the energy range of
~2.12 to 5 eV. The blue-p/g-ZnO showed a wider absorption
range and overall stronger visible-UV light absorption in the
energy range of ~2.4 to 4.5 eV. The enhanced optical absorption
can be understood from the interlayer coupling and charge
transfer in the heterostructures, where the electronic states
overlap and the new optical transitions are induced.

Finally, we will discuss the effect of E on the electronic
properties. A positive E from black(blue)-p to g-ZnO is intro-
duced. Table 1 shows the structural information of hetero-
structures without external E and with E = 1.2 V A™". It was
found that the relaxed bond lengths and bond angles were
hardly affected by the E. Only the interlayer distances had
relatively small changes. Besides, the band-gaps of black-p/g-
ZnO and blue-p/g-ZnO at E = 1.1 V A~* were 1.16 and 1.24 eV,
respectively, indicating the character of semiconductors.
Therefore, our results show that the structures of the hetero-
structures were still undamaged in such a strong electric
field.>*”

As seen in Fig. 4(a) and (b), the E initially exerted little
influence on the E, of black-p/g-ZnO. This is because both the
VBM and CBM of black-p were nearly unchanged at first. In
contrast to black-p, the VBM and CBM of g-ZnO linearly
increased with E when the E was less than 0.8 V A~*. Thus the
energy difference between the VBM of black-p and the VBM of g-
ZnO gradually decreased. The VBM of black-p began to decrease
at E= 0.8 VA, while the VBM of g-ZnO continued to increase
with E. When the E increased to 1.1 V A~*, the VBM of g-ZnO
became the VBM of the black-p/g-ZnO. This can be clearly
seen in Fig. 4(a) (E = 1.1 V A™'), where g-ZnO played the
dominant role for the contributions of VBs around the Fermi
level and the VBM was fully occupied by the O-p, and Zn-d,,
states of g-ZnO. At the same time, the CBM of the black-p/g-ZnO
was still contributed by the black-p, thus type-I-to-type-II Eg
crossover occurred. From Fig. 4(c) we can see the lowest-energy
electrons and holes located at different layers.

As shown in Fig. 5 and S5, the E, of blue-p/g-ZnO linearly
decreased with increasing E, showing a giant Stark effect. The

Table 1 Structural information of heterostructures at £ = 0 and £ =
1.2 V AL d is the interlayer distance (A). PP and Zn-O denote the
average bond lengths (A). P—-P—P and Zn-O-Zn are the average bond
angles (degrees)

E d P-pP Zn-0O P-P-P Zn-0O-Zn
Black-p/g-ZnO

0 3.23 2.26 1.91 103.42 120.04
1.2 3.26 2.25 1.91 103.29 119.78
Blue-p/g-ZnO

0 3.44 2.27 1.9 92.66 120

1.2 3.54 2.27 1.9 92.63 119.49
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(a) The effect of E on the band structures of black-p/g-Zn0O. (b) The evolution of VBM(CBM) of black-p/g-ZnO with E. The Fermi levelis set

as zero. (c) The band decomposed charge density of VBM(CBM) of black-p/g-ZnO at E = 1.1V A=, The arrows denote the direction of the vertical
electric field. The color scales denote the contributions from the single layers. The isosurface value is 0.001 e~ bohr™>.

indirect gap character and type-II band alighment were not
affected by the E at first. However, the CBM of blue-p shifted to
the I' point when the E increased to 1.1 VA, forming the direct
E,. The indirect-to-direct transition of E, was greatly beneficial
to the transition of photogenerated electrons from the VBM of g-
ZnO to the CBM of blue-p as the momentum was preserved in
this process. When the E increased to 1.2 VA", the E, sharply
reduced to nearly zero (0.08 eV), but the direct E, character was

kept. It was expected that the blue-p/g-ZnO would be a metal
when the FE increased further. This is different from the case of
black-p/g-ZnO, which was still a semiconductor at E= 1.2 VA",
Notably, the Ej,, and E had the same potential direction and the
interlayer coupling was enhanced when the external E was
introduced, which can be clearly seen in Fig. 6. The enhanced
interaction can offer improved carrier separation performance
in blue-p/g-ZnO.

T/ . ;
| : | ' ’ |
2 | L | I 4 2 ! !
> R ki : ¢ I
= E=0.6 indirkct E=2 /direct
o OF l ) 1
o ) I | |
c | | |
L ] |
2 | 1 |
| ] i |
A ] o | ]
K r M K r M K r M K r M K

Fig.5 The effect of E on the band structures of blue-p/g-ZnO. The color scales denote the contributions from the single layers. The “direct” and

“indirect” denote the types of Eg.
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Fig. 6 The effect of £ on the differential charge density of blue-p/g-
Zn0.

4 Conclusion

In summary, we have theoretically studied the electronic and
optical properties of vdW heterostructures black(blue)-p/g-ZnO
by means of hybrid density functional calculations. Although
the black(blue) phosphorus/g-ZnO is found to show an intrinsic
type-I(type-II) band alignment with direct(indirect) band-gap,
a vertical electric field can induce a type-I-to-type-II transition
for the black phosphorus/g-ZnO and modulate the band edges
of blue phosphorus/g-ZnO to get a direct band-gap at the I'
point. Moreover, improved visible-UV light absorption is
demonstrated in the heterostructures. Our results indicate that
2-ZnO can be used not only as a capping layer to protect the
electronic characteristics of phosphorene, but also as an active
layer to tune the electronic and optical properties of
phosphorene.
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