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The optical response of phosphorene nanostructures was studied using time-dependent density func-
tional theory (TDDFT). Compared with the absorption spectrum of graphene, that of the phospho-
rene nanostructure exhibits high absorbance in the ultraviolet region, which indicates a high light
absorptivity. In a low-energy resonance zone, a spectral band extends to the entire near-infrared re-
gions. When the impulse excitation polarizes in the armchair-edge direction, the low-energy plasmon
in a few-layer phosphorene nanostructure shows an apparent long-range charge-transfer excitation
but is significantly less pronounced along the zigzag-edge direction. The edge configuration signifi-
cantly affects the absorption spectrum of monolayer phosphorene nanostructures. The armchair-edge
and the zigzag-edge serve different functions in the absorption spectrum. Moreover, the absorption
spectrum of the few-layer phosphorene nanostructure changes with the number of layers when the
impulse excitation polarizes in the armchair-edge direction. In addition, the change in the low-energy

resonance zone is significantly different from that in the high-energy resonance zone.

Keywords phosphorene nanostructures

PACS numbers 73.20.Mf, 73.21.-b

1 Introduction

Functional two-dimensional (2D) semiconductors have
motivated intensive research, both theoretical and ex-
perimental, in recent decades. Since the 1960s, physi-
cists have studied black phosphorus, a layered material
with a high carrier mobility and a fundamental band gap.
However, only in 2013 did researchers try to isolate phos-
phorene, a monolayer of black phosphorus analogous to
graphene and monolayer MoSs [1-4]. Graphene can re-
place noble metals in applications for transmitting opti-
cal signals because of its 7 plasmons, which have a rel-
atively long propagation length and do not easily decay
[5-9]. However, the absence of a band gap in graphene
severely limits its application to nanotransistors, and its
low light absorptivity (2.3% in monolayer graphene) lim-
its its application to solar cells [10-13].

Monolayer MoSs, on the other hand, has a direct band
gap of ~1.8 eV [14, 15]. N-type transistors based on
monolayer MoS,; demonstrate good performance with a
high I,y /Tog ratio of ~108, a high drain current of up
to several hundred mA /mm, and a subthreshold swing

down to 74 mV/dec [3,4, 16-18]. However, some recent
experiments suggest mobility values that are excessively
high for low-power integrated systems, thus limiting the
wide application of monolayer MoSy in electronics [19,
20].

Physicists have also studied silicene (made from sili-
con) and germanene (made from germanium), and have
attempted to produce stanene (a single layer of tin).
Whereas the first two do not possess a natural band
gap, stanene is yet to be produced. A problem in cre-
ating these single-layer materials is their instability due
to reaction with air [21, 22].

A few-layer assembly of even monolayers of phospho-
rene was recently fabricated successfully [23-25]. Phos-
phorus atoms are arranged hexagonally and form a
slightly puckered surface. However, phosphorene is sta-
ble in air. Its edge structure displays both zigzag-edge
and armchair-edge characteristics. Similar to graphite,
black phosphorus (the bulk counterpart of phosphorene)
is also a layered material with weak interlayer van der
Waals (vdW) interactions [24].

Phosphorene exhibits a finite and direct band gap
within a wide energy range. The sample mobility of
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black-phosphorus field-effect transistors is the highest at
~1000 cm?/Vs, obtained at a thickness of ~10 nm [23].
Considerable attention has been devoted to the special
band gap and electric field effect of few-layer phospho-
rene, but its optical response also deserves consideration.
Power conversion efficiency is predicted to reach 16%—
18% with bilayer phosphorene; these values are higher
than the reported efficiencies of state-of-the-art trilayer
graphene/transition-metal dichalcogenide solar cells [26].

A study has shown that armchair phosphorene
nanoribbons exhibit an optically active direct band gap,
whereas the optical transitions of zigzag phosphorene
nanoribbons are inactive around the band gap because of
symmetry-forbidden transitions. Results show that phos-
phorene can exhibit an excellent photoluminescence effi-
ciency [27].

An experiment on few-layer black phosphorus revealed
a response to excitation wavelengths from the visible re-
gion up to the near-infrared region, which may have im-
portant applications in optical sensors [28]. In that study,
the influences of different atomic structures of phospho-
rene were not considered systematically. Research on the
influence of different edge states and layers is helpful to
understand the optical response of phosphorene nanos-
tructures.

In this study, we present first-principles calculations of
the optical response of phosphorene nanostructures. All
calculations were based on the real-space time-dependent
density functional theory (TDDFT) method. Fischer et
al. [29] demonstrated that the potential-energy surfaces
and nonadiabatic transition probabilities agree semi-
quantitatively for three different systems: an organic
chromophore ligating a transition metal, a quantum dot,
and a small molecule. TDDFT successfully predicted
the collective excitation of the electrons in graphene.
Marinopoulos et al. investigated the anisotropic dielec-
tric response of graphite using TDDFT. They found that,
for in-plane polarization, local-field effects are infinitesi-
mally small, and both plasmon positions and line shapes
are consistent with experiment. They also investigated
the optical and loss spectra of carbon nanotubes using
TDDFT. The calculated optical spectra are consistent
with experiment, in terms of the absolute peak positions
and anisotropy effects [30-33]. Mowbray et al. [34] de-
scribed the loss function for periodic graphene through
the time-dependent linear response within the random-
phase approximation (TDDFT-RPA).

We mainly investigated plasmon excitation in the di-
rection parallel to the plane of the phosphorene nanos-
tructure. Hydrogen atoms were used to passivate the
dangling o bonds at the edges. Geometries of phos-
phorene nanostructures exhibited different rectangular
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shapes. The effect of different geometries and sizes on
the collective excitation was also studied. The effects of
the edge configuration and of confinement in all dimen-
sions are discussed. The influence of different numbers of
phosphorene layers, from one to three, is also reviewed.

2 Computational methods

2.1 Photoabsorption spectra from TDDFT

Given that photoabsorption is a time-dependent process,
TDDFT can in principle be employed to calculate the
photoabsorption spectrum of the system. This spectrum
can be calculated using TDDFT, either by propagating
the time-dependent Kohn-Sham equations in real time
[35] or by calculating the linear response of the electrons
to the external potential in the frequency domain, as
demonstrated by Casida [36]. The first method was used
in the present study. The initial state at time ¢t = 0 was
perturbed with a time-dependent potential [37],

v(r,t) = —hkox,d(t)/(2m), (1)

where x,, = x,vy, z, and kg is the momentum transferred
to the system. To ensure that the system has a linear
response, the momentum must be very small. Thus, all
frequencies of the system are excited with equal weight.
We define @;(r) as the ground-state Kohn—-Sham wave
functions of the system. The initial state for the time
evolution at r =0 is

i(r,0) = exp(ikox, )pi(r). (2)

The Kohn-Sham wave functions are propagated over a
finite but long time period. The information on the ex-
citations is deduced from the dipole-strength function
S(w). This function measures how strongly a given fre-
quency w excites the system, and can be written as [35,
37]

dmew

S(w) = o2 %Zaw(w), (3)

where the dynamic polarizability o, (w) is

2
au(w) = 2;;0 /dr:v,,én(r, w). (4)

2.2 Computational details

All calculations were performed using the real-space
and real-time TDDFT code OCTOPUS [30]. Phosphorus
and hydrogen atoms were described by the Hartwigsen—
Goedecker-Hutter pseudopotentials [38]. The general-
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ized gradient approximation (GGA) with the Perdew—
Burke-Ernzerhof functional for the exchange-correlation
was used in both the ground-state and excited-state cal-
culations [39, 40]. The simulation zone was defined by
defining a sphere around each atom with a radius of 6
A and a uniform mesh grid of 0.3 A. In the real-time
propagation, the excitation spectrum was extracted by
a Fourier transform of the dipole strength induced by
an impulse excitation [35]. Simultaneously, the response
to the particular polarization could be obtained. This
scheme has previously been used to predict collective
excitations of small sodium clusters with linear struc-
tures [33]. In real-time propagation, the time step is
At =0.005 h/eV [41].

3 Results and discussion

We used Cartesian coordinates and atoms fixed in the
X-Y plane. For the rectangular monolayer phosphorene
nanostructures, the armchair-edge was parallel to the
X-axis, whereas the zigzag-edge was perpendicular. In
the two-layer phosphorene nanostructure, the edge of
the puckered hexagon of the top layer was located in
the center of the puckered hexagon of the bottom layer,
as shown in Fig. 1(a). In the three-layer phosphorene
nanostructure, the edges of the puckered hexagon of the
bottom layer and the top layer were located in the center
of the puckered hexagon of the middle layer, and the top
layer can be seen as the bottom layer after vertical tran-
sition, as shown in Fig. 1(b). Moreover, the interlayer
spacing is approximately 5 A, as shown in Fig. 1(c). We
investigated mainly plasmon excitations in the direction
parallel to the plane of the phosphorene nanostructure
[23].

3.1 Plasmons in rectangular monolayer phosphorene
nanostructures

Figures 2(a) and (b) show the dipole response (optical
absorption) of the rectangular monolayer phosphorene
nanostructures to an impulse excitation polarized, re-
spectively, along the X- and Y-axes. The low-energy

(b)

regimes are magnified in (¢) and (d), respectively. A,
B, and C identify the three different monolayer phos-
phorene nanostructures. The width of nanostructure C
is greater than that of A along the zigzag-edge direction,
whereas the width of the B along the armchair-edge di-
rection is greater than that of A. Fach phosphorus atom
contributes three valence electrons to form a ¢ bond with
three neighboring atoms in phosphorene. Given the weak
o bond, the optical excitation produced when the pho-
ton energy is greater than the energy gap results in the
formation of an electron and a hole in the phosphorene.
Compared with the absorption spectrum of graphene
[41], that of the monolayer phosphorene nanostructure
exhibits greater absorbance in the ultraviolet region.
This observation suggests that monolayer phosphorene
absorbs light strongly, suggesting a potential applica-
tion to fabricating thin-film solar cells [26] and photo-
electric converters. Comparing Fig. 2(a) with Fig. 2(b),
we find that the absorption peak (at approximately 9
eV) along the zigzag-edge direction is higher and nar-
rower than that along the armchair-edge direction. This
difference can be attributed to the fact that the phos-
phorene nanostucture exhibits metallic behavior along
the zigzag-edge direction and semiconductor behavior
along the armchair-edge direction [43]. In addition, when
the edge widths of monolayer phosphorene nanostruc-
tures are broadened along the polarization direction, the
spectrum band becomes red-shifted. This phenomenon
reflects the fact that the band gap of monolayer phos-
phorene nanostructures decreases with increasing width.
Compared with the direction along the zigzag edge, the
spectrum band is red-shifted along the armchair-edge di-
rection owing to different potential distributions.
Comparing Fig. 2(c) with Fig. 2(d), optical transitions
are active for the first pair of valence and conduction
bands (approximately 1eV) along the armchair-edge
direction in the low-energy resonance zone. This phe-
nomenon is similar to experimental observations [27].
Meanwhile, the value is nearly zero between 0 and
2 eV along the zigzag-edge direction, similar to what
has been observed in silicon nanowires. This result can
be attributed to the folding of the band, which makes
the material suitable for applications associated with

(c)

Fig. 1 Stacking structures of (a) two-layer and (b) three-layer phosphorene. (c) Interlayer spacing of few-layer phosphorene.
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Fig. 2 Dipole response (optical absorption) of the rectangular monolayer phosphorene nanostructures to an impulse
excitation polarized in the X-axis (a) and Y-axis (b) directions. (c) is the low-energy part of (a), whereas (d) is the
low-energy part of (b). A, B, and C are the different structures, as shown in the schematic diagrams of the monolayer

phosphorene nanostructures.

long-lifetime dark excitation [42-44]. Interestingly, when
the impulse excitation polarizes in the zigzag-edge direc-
tion of the C phosphorene nanostructure, which is the
widest along this direction, the absorption peak near 1
eV is stronger than that of the A phosphorene nanostruc-
ture. For the B phosphorene nanostructure, which is the
widest along the armchair-edge direction, the strength
of plasmon resonances near 1 eV is stronger than that
of the A phosphorene nanostructure. On the other hand,
the absorption peak is clearly red-shifted owing to the
decrease in energy gap with increasing width along the
armchair-edge direction. For the impulse excitation po-
larized in a zigzag-edge direction, the width of the nanos-
tructure along the X-axis direction influences the absorp-
tion spectrum negligibly. In contrast, the width along the
Y-axis direction influences the strength and position in
the absorption spectrum when C is compared with A.

107301-4

To elucidate the mechanism behind the resonance phe-
nomena, the induced charge response was analyzed in
real-time propagation.

We mainly analyzed the induced charge response of
the low-energy resonance zone. Figure 3 shows the planar
Fourier transform of the induced density, obtained from
temporal evolution. The induced density plane is parallel
to the plane of the monolayer phosphorene nanostruc-
ture. The induced density plane is located in the mid-
dle of the pucker because the thickness of the monolayer
phosphorene nanostructure is approximately 1.8 A, and
the vertical distance between the phosphorene nanos-
tructure plane and this induced density plane is 0.9 A
[41]. Figure 3 shows a commonly observed feature: the
induced charge of most resonance points is distributed in
the boundary region because of the spatial separation of
electrons and holes in phosphorene [45]. We argue that

Jia-He Lin, Hong Zhang, and Xin-Lu Cheng, Front. Phys. 10, 107301 (2015)
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the low-energy plasmon is a long-range charge transfer
excitation that can be attributed to the electronic motion
along the direction in which the electrons move further.
However, in the low-energy region, the induced charge
distribution also has some different characteristics that
can be attributed to the impulse excitation polarized
in different directions and for different widths of nanos-
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tructures. First, for the impulse excitation polarized in
the armchair-edge direction, the induced charge exhibits
bilateral symmetry about the electrons and holes, as
shown in Figs. 3(a), (c), and (e). Meanwhile, longitudi-
nal symmetry is significantly less pronounced when the
impulse excitation polarizes in the zigzag-edge direction,
as shown in Figs. 3(b), (d), and (f). The main reason for
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Fig. 3 Fourier transform of the induced charge density for phosphorene nanostructures A, C, and B. For (a), (c¢), and (e),
the polarization direction is along the armchair-edge at the energy resonance points 1.28 eV (a) of A, 1.25 eV (c) of C,
and 1.17 eV (e) of B, respectively. For (b), (d), and (f), the polarization direction is along the zigzag-edge at the energy
resonance points 5.70 eV (b) of A, 5.33 eV (d) of C, and 5.59 eV (f) of B, respectively.
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this difference is that the curvature of the isopotential
surfaces is anisotropic in the phosphorene nanostruc-
tures [41]. For this reason, no plasmon resonances are
observed near 1 eV when the impulse excitation polar-
izes in the zigzag-edge direction. Comparing Fig. 3(a)
with Fig. 3(c), the density of the electrons and holes
is stronger and more focused when the width becomes
larger along the zigzag-edge. This phenomenon suggests
that the C phosphorene nanostructure has a relatively
strong absorption peak near 1.25 eV. In Fig. 3(e), the
induced charge of the B phosphorene nanostructure is
rich but relatively decentralized, which reflects the char-
acteristic of its absorption peak near 1.17 eV. The above
discussions focused on the main absorption peak in the
low-energy region, but different induced charge distribu-
tions are observed for other peaks.

3.2 Plasmons in few-layer phosphorene nanostructures

Figures 4(a) and (c) show the optical absorption of the
few-layer phosphorene nanostructure to an impulse exci-
tation polarized in the X- and Y-directions. Figure 4(b)
is the low-energy part of (a), whereas (d) is the low-
energy part of (¢). A, D, and E correspond to the mono-
layer, bilayer, and trilayer phosphorene nanostructures,
respectively. The optical absorption spectra of the bi-
layer and trilayer phosphorene nanostructures are gener-
ally similar to that of the monolayer phosphorene nanos-
tructure. Some differences are observed as the number
of layers increases in few-layer phosphorene nanostruc-
tures. Figures 4(a) and (c) reveal that bilayer and tri-
layer phosphorene also have high absorptivity in the ul-
traviolet region, and the absorption value of phospho-
rene nanostructures increases with the number of layers.
This result shows that light absorptivity can be improved
by appropriately increasing the number of layers in few-
layer phosphorene nanostructures. However, the absorp-
tion spectrum of the bilayer and trilayer phosphorene
are weakened comparing to the twofold and threefold
intensity of the spectrum for monolayer phosphorene.
This phenomenon can be attributed to the fact that the
light absorption of phosphorene produces excited charge
transfers and forms an electric field that can impair the
transfer of excited charge in other layers. In the low-
energy zone, the absorption spectrum is red-shifted with
the increasing number of layers and the corresponding
optical band gaps are 1.04 eV (monolayer), 0.6 eV (bi-
layer) and 0.31 eV (trilayer). This phenomenon results
from the decrease in energy gap with increasing number
of layers. Our results are similar to the calculation by
GW-BSE [45]. The optical absorption edges were found
to start approximately from the band gap [24]. There-
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fore, the optical absorption edge may be used to tune the
band gap in phosphorene nanostructures [28]. Interest-
ingly, the strength of the first absorption peak decreases
with increasing number of layers.

Figures 4(e) and (f) show the Fourier transform of the
induced charge density for the middle layer of phospho-
rene nanostructure E. In Fig. 4(e), the polarization direc-
tion is along the armchair edge at the energy resonance
point 0.93 eV. In Fig. 4(f), the polarization direction is
along the zigzag edge at the energy resonance point 4.87
eV. The induced density plane is located in the middle
of the pucker. For the impulse excitation polarized in the
armchair-edge direction, the induced charge exhibits bi-
lateral symmetry with respect to the electrons and holes,
as shown in Fig. 4(e). The longitudinal symmetry is sig-
nificantly less pronounced when the impulse excitation
polarizes in the zigzag-edge direction, as shown in Fig.
4(f). This finding suggests that the low-energy plasmon
in the few-layer phosphorene nanostructures should be a
long-range charge transfer excitation along the armchair-
edge direction. Compared with the induced charge den-
sity shown in Fig. 3, that for the middle layer of phospho-
rene nanostructure E is significantly weaker. This finding
reflects the fact that the first absorption peak weakens
with increasing number of layers.

4 Conclusion

Using TDDFT, we conducted a systematic study of the
collective excitations of a monolayer phosphorene nanos-
tructure with rectangular geometry. We focused on the
optical absorption of the few-layer phosphorene nanos-
tructures with the impulse excitation polarized in the
armchair-edge direction. Based on these calculations, the
following conclusions can be drawn:

For monolayer phosphorene nanostructures, the ab-
sorption spectrum of the phosphorene nanostructure is
strong in the ultraviolet region compared with that of
graphene. This finding suggests that monolayer phospho-
rene has a high light absorptivity, suggesting potential
applications to thin-film solar cells. In the low-energy
resonance zone, the spectral band extends to the entire
near-infrared region, as observed experimentally. The
edge configuration has a significant effect on the absorp-
tion spectrum of monolayer phosphorene nanostructures.
The phosphorene nanostuctures exhibit metallic behav-
ior along the zigzag-edge direction but semiconductor
behavior along the armchair-edge direction. In the low-
energy resonance zone, the spectrum is red-shifted with
increasing length of the monolayer phosphorene nanos-
tructure in the absorption direction. This phenomenon

Jia-He Lin, Hong Zhang, and Xin-Lu Cheng, Front. Phys. 10, 107301 (2015)
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Fig. 4 Optical absorption of the few-layer phosphorene nanostructures to an impulse excitation polarized on the X-axis
(a) direction. (b) is the low-energy part of (a). Optical absorption of the few-layer phosphorene nanostructures to an in
impulse excitation polarized on the Y-axis (c) direction. (d) is the low-energy part of the (c). (e) and(f) show the Fourier
transform of the induced charge density for the middle layer of phosphorene nanostructure E. For (e), the polarization
direction is along the armchair-edge at the energy resonance point 0.93 eV. For (f), the polarization direction is along the
zigzag-edge at the energy resonance point 4.87 eV. A, D, and E correspond to the monolayer phosphorene nanostructure,
the bilayer phosphorene nanostructure, and the trilayer nanostructure, respectively. A, D, and E are the schematic diagrams
of the few-layer phosphorene nanostructures.
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shows that the low-energy plasmon resonance mode is a
long-range charge-transfer excitation and that the band
gap decreases with increasing length in the absorption
direction. The induced charge of most low-energy reso-
nance points is distributed in the boundary region. This
phenomenon is similar to that observed in the graphene
nanostructure. For the impulse excitation polarized in
the armchair-edge direction, the induced charge exhibits
bilateral symmetry with respect to the electrons and
holes. Meanwhile, longitudinal symmetry is significantly
less pronounced when the impulse excitation polarizes in
the zigzag-edge direction.

In few-layer phosphorene nanostructures, the num-
ber of layers is a crucial determinant of the absorption
spectrum. The absorption value of phosphorene nanos-
tructures increases with increasing number of layers.
The light absorption of phosphorene can produce ex-
cited charge transfers and form an electric field that
may hinder the transfer of excited charge in other lay-
ers. When the impulse excitation is polarized in the
armchair-edge direction, the optical absorption edges
begin near the band gap. Therefore, the optical absorp-
tion edge may be used to tune the band gap. Owing to
their spatial anisotropy, once the sample orientation is
determined, it is much easier to fabricate electrodes or
gates utilizing the highest-mobility direction of a few-
layer phosphorene sample in an FET-type device [46].
Furthermore, because of the selection rules associated
with the symmetries of phosphorene, phosphorene is
a natural optical linear polarizer that can be used in
liquid-crystal displays, three-dimensional visualization
techniques, (bio)-dermatology, and in optical quantum
computers [45, 47, 48-52]. Optical-absorption spectra of
phosphorene are suitable for a wide range of applications
such as infrared sensors.
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