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A B S T R A C T

Using first principles calculations we investigate the effect of external electric fields in the optical and electronic prop-
erties of blue-phosphorene nanoribbons. It is shown that the application of a static external electric field serves as a tool
for controlling the band gap of blue-phosphorene nanoribbons. Accordingly, the system will show a transition from semi-
conductor to metal, depending on the intensity of the applied electric field and the width of the nanoribbon. Our results
for the imaginary part of the dielectric function suggest that the optical properties of the blue-phosphorene nanoribbons
can be modulated through of the electric field as well.

© 2016 Published by Elsevier Ltd.

1. Introduction

In recent years the investigation of phosphorus-based structures
has emerged through the possibility of obtaining two-dimensional
(2D) monolayer systems from black-phosphorus [1]. The crystal struc-
ture of black-phosphorus is consists of a stacking of quasi-planar cor-
rugated layers. These layers interact by means of van der Waals forces
in a way similar to graphite. As a consequence, using mechanical ex-
foliation it becomes possible to produce an atomic black-phosphorus
monolayer system which has been named as phosphorene [2]. The
phosphorene, both in the pristine and functionalized forms [3], has
shown novel physical, chemical, and mechanical properties, that can
be used to design and fabricate new optical and electronic devices [4],
such as field effect transistors [5].

Due to these features, other 2D phosphorus allotropes have been
explored [3,6–9]. Among the distinct allotropic forms, the so-called
blue-phosphorene (BP) exhibits a fairly good thermodynamical sta-
bility as a black-phosphorus monolayer structure [6,10]. The 2D BP
is a quasi-planar isotropic hexagonal layer of phosphorus atoms that
can be obtained by means of a specific dislocation of the phospho-
rene array of atoms [6]. It is a semiconductor with indirect fundamen-
tal energy band gap. The B-substituted BP turns out to be direct band
gap semiconductor, whereas C- and O- substituted BP shows mag-
netic properties [11]. Very recent reports indicate that hydrogenated
and halogenated BP is a Dirac material [12].

⁎ Corresponding author.
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Unlike graphene, the 2D monolayers of phosphorus atoms exhibit
an energy band gap (EBG) in their electronic structures. The value
measured by photoluminescence spectra of the EBG of phosphorene
onto Si/SiO substrate is 1.45 eV [4]. Theoretical calculations using
density functional theory (DFT), without many-body corrections, pre-
dict a value of the EBG of 0.8 eV for free-standing phosphorene, and
when the many-body corrections are included the valued obtained is
1.4 eV [13]. In the case of BP, theoretical calculations have predicted
an EBG of 2 eV [6].

One of the important characteristics of the EBG of 2D nanostruc-
tures is that it is possible to modulate it either by changing the geom-
etry of by employing external probes such as electromagnetic fields.
For example, in phosphorene the band gap is tuned via the number of
stacked layers. As long as the number of layers increases the EBG will
decrease [1].

Another possibility to modulate the band gap is the cutting of the
2D phosphorus monolayer in the form of finite-width size nanorib-
bons [14–17]. In these nanoribbons, the physical properties become
further modified by the confinement of the electron motion along one
particular direction [14]. Analogous to the case of graphene nanorib-
bons, phosphorene nanoribbons (PNRs) can have different edges; a
fact that changes their physical properties. For instance, the
zigzag-oriented phosphorene nanoribbons (zPNRs) with unpassivated
edges are metals, whereas the unpassivated-edges armchair phospho-
rene nanoribbons (aPNRs) are semiconductors [14]. In the case of
edge passivation, the dependence of the EBG of PNRs with the
nanoribbon width (w), is of the form for zigzag edge, and
for armchair edge [15]. In addition, the EBG of PNRs can be tuned
by varying the width of the ribbon, as shown by Xie et al. in Ref.
[16]. Dif
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ferently to the reports in [14,15], the work of Ref. [16] deals with the
particular case of the BP allotrope, describing the features of the quan-
tum confinement effect in zigzag and armchair BPNRs with hydro-
gen saturation on both sides. They found that both systems are indirect
semiconductors with increasing EBG when the NR width are reduced.
Carvalho et al. have studied the edge induced gap states using both an-
alytical models and DFT [18].

It is possible to mention an additional number of previous works
on PNRs. Using first-principles calculations, different properties of
black phosphorene NRs are reported. For instance, Zhu et al. [19]
studied the electronic and magnetic properties of zigzag black PNRs.
They obtained that hydrogen-passivated structures are non-magnetic
direct gap semiconductors and oxygen-passivated NRs show magnetic
ground state. Zhang and collaborators [20] used DFT to investigate
the electronic properties of armchair and zigzag black PNRs. Without
edge passivation, their armchair NRs are semiconducting – with the
gap being decreased as long as the ribbon’s width augments, whilst the
zigzag NRs are metallic. Under edge passivation, both kinds of NRs
exhibit semiconductor behavior. In Ref. [21], the authors considered
passivated strained NRs. Their results show a significant quantum size
effect and a quite important effect of strain on the electron and hole
effective masses. In addition, DFT studies on edge-passivation (us-
ing hydrogen and fluorine) effect on the band gap and effective mass
of electrons in zigzag black PNRs show a band gap opening of up to
2.25 eV [22]. The influence on uniaxial stress in these nanostructures
was reported by Sorkin and Zhang [23]. Scaling laws of band gaps in
PNRs were studied in Ref. [24] using tight-binding techniques. Along
these lines, they find that for armchair PNRs, an insulator-metal tran-
sition can be expected when a transverse electric field is applied. Fur-
thermore, Du et al. have discovered the unexpected magnetic semi-
conductor behavior of zigzag black PNRs driven by half-filled one-di-
mensional band [25], whilst Yu and collaborators have used DFT and
non-equilibrium Green’s functions to investigate the electronic and
transport properties of black phosphorene armchair and zigzag NRs
under an external transverse electric field, reporting the presence of a
giant Stark effect [26].

More recently, the properties of black-phosphorene based NRs
were investigated by Páez et al., taking into account the presence of
constriction on one of the edges. First principles calculations by Zhang
and collaborators revealed the effect of strain and different passiva-
tion groups on black PNRs [27]. Nourbakhsh and Asgari used the GW
method and the Bethe-Salpeter equation to study the optical and exci-
tonic properties [28]. The room-temperature magnetism on the zigzag
edges of black phosphorene nanoribbons was reported in Ref. [29].
First-principles quantum transport calculations were used to investi-
gate the effects of the edge types and edge defects on the electronic
and transport properties of that kind of PNRs [30]. Finally, the work
by Fan et al. deals with the transport properties of Schottky contact
structure based on zigzag PNR by using the non-equilibrium Green’s
function formalism and the density functional theory [31].

The case of blue PNRs has been less present in the literature.
We find, for instance, the work by Xie and collaborators [16], based
on first principles calculations. They discuss a quantum confinement
mechanism for the band gaps of armchair and zigzag BPNRs as a
function of their widths. The carrier mobilities in the same kind of
structures were the subject of the article [32]. There, the authors used
DFT and Boltzmann transport theory within the relaxation time ap-
proximation, and found that armchair and zigzag BPNRs are p-type
semiconductors provided hole mobilities are one order of magnitude
larger than electronic ones. The electronic structure and magnetism of

zigzag BPNRs, including passivation effects were the subject of the
study in [33], with focus on the variation of the nanoribbon widths.
The possibility of using ultra-narrow BPNRs for tunable optoelectron-
ics is discussed by Swaroop et al. [34], who report on the optoelec-
tronic properties of such structures within the state-of-the- art density
functional theory framework.

All of the above mentioned features turn 2D phosphorene al-
lotropes into potential candidates to develop a number of electric ap-
plications like thin-film solar cell, field effect transistors, gas sensors,
and lithium-ion batteries [4,35,36,5,37]. On the other hand, due to the
importance of a better knowledge of the optical properties of the 2D
phosphorus allotropes – and their possible use in new optoelectronic
devices, several studies have been reported [38,39,15,13]. In the case
of black-phosphorene monolayers, time-dependent density functional
theoretical (TDDFT) calculations of the optical response have shown a
large absorption in the ultraviolet region and proved that the inclusion
of edge effects greatly affects the absorption spectrum of phosphorene
[39]. The effect of edges has also been investigated for black-phospho-
rene nanoribbons via first principles calculations, showing a strong de-
pendence of the optical spectrum on the features of the edged geome-
try of nanoribbons [15]. Actually, in the case of few-layer black phos-
phorous, theoretical calculations including many-body effects showed
that the optical absorption is only possible for light polarized along the
armchair direction [15].

Motivated by the possibilities opened by the use of the phospho-
rus-allotrope 2D nanostructures, and the comparatively lesser pres-
ence of the BPNRs in the literature on the subject, in this work we
shall study the optical and electronic properties of the BPNRs under
the influence of externally applied electric fields. Our aim is to investi-
gate the combined effects of charge carrier confinement along one di-
mension and the electric field on the basic physical properties of these
particular nanosystems. For that purpose we perform DFT calculations
as detailed in the next section. It includes the theoretical framework of
the study, whilst the Section 3 and 4 are respectively dedicated to pre-
sent and discuss the obtained results and to give the conclusions of the
work.

2. A brief on the theoretical approach

Our DFT calculations were carried out by using the SIESTA ab
initio package [40], which employs norm-conserving pseudopotentials
together with localized atomic orbitals as a basis set (double- , sin-
gle polarized, in the present work). For the exchange-correlation func-
tional we consider the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof [41].

The BPNRs are studied within the supercell approach with peri-
odic boundary conditions along the nanoribbon-growth direction [x for
armchair (aBPNRs) and y for zigzag (zBPNRs) geometries]. The BP-
NRs were fully relaxed by the conjugate gradient minimization until
the forces on the atoms were less than 0.02 eV/Å. The schematic view
of the equilibrium geometric setup obtained after relaxing the BPNRs,
is depicted in Fig. 1. Fig. 1(a) shows a zigzag edged BPNR, whilst Fig.
1(b) shows the armchair edged BPNR. As can be noticed, the edges
are assumed to be passivated, in this case with hydrogen atoms.

The Brillouin zone is sampled using a Monkhorst-Pack mesh of
for aBPNRs and for zBPNRs. These grids ensure

the total energy convergence. In addition, the optical absorption spec-
trum is obtained in the framework of the independent particle approx-
imation, through the imaginary part of the dielectric function; which
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Fig. 1. Schematic representation of blue phosphorene nanoribbons. Two different edge configuration are shown: (a) zig-zag and (b) armchair. Distinct views of the structures are also
shown.

is given by:

In this expression, A is a cell-volume-dependent constant, while
are occupied an unoccupied Kohn-Sham states. Energy conser-

vation is guaranteed with the delta function but, in practice, it is re-
placed by a Gaussian function with HWHM equal to 0.06 eV. Two
polarizations of the incident light are considered: x and y directions as
indicated in Fig. 1. In order to ensure the convergence of the optical
absorption spectrum we have used a k-grid points of and

. These k-grids also were employed to calculate the total
density of states (DOS).

The independent particle approximation does not take into account
the many-body effect as it is done by the GW corrections or by the in-
clusion of electron-hole interaction – which are needed to provide an
accurate description of the optical spectrum. However, due to the dif-
ficulty of incorporating the many-body effect in the case of large sys-
tems, the independent particle approximation is extensively applied,
looking for an understanding of the basic properties of the optical
spectrum as the selection rules, geometric effects as well as external
field effects [15,42].

3. Results and discussion

In this work we study BPNRs of different widths. In order to spec-
ify the width of a nanoribbon we make use of the standard notation
n-aBPNR and n-zBPNR [14]. Here, n represents the number or zigzag
lines for zBPNRs, and the number of dimer lines for aBPNR as it is
shown in Fig. 1.

The calculated lattice constants are 3.32 Å for zBPRNs and 5.76 Å
for aBPNRs. The distance between phosphorus atoms is 2.29 Å
in both cases. These results are in agreement with a previous theoreti-
cal report [14].

The zero field energy band structures for aBPNRs and zBPNRs
are shown in Fig. 2. Several ribbon widths are considered.
Fig. 2(a)–(c) are for 6-aBPNR, 10-aBPNR and 14-aBPNR, respec-
tively. It can be noticed that in all cases, aBPNRs are semiconduct-
ing systems, with the main energy gap having an increase as long as
the width of the ribbon is reduced (reaching almost 3 eV in the
case). As can be noticed, the fall in the value of the gap with augment-
ing n results from a shift upwards of the whole spectrum – using the
Fermi energy as a zero reference, with the largest displacement for the
valence band energies; although the overall shift becomes diminished
as n augments.

On the other hand, the qualitative features of the spectrum are kept
when the number of dimer lines augments, being the more notorious
of them the quasi-flatness of the top valence band. The confinement
of the carrier motion along the transverse nanoribbon direction causes
the additional quantization of the spectrum, leading to the appearance
of what is known in the physics of low-dimensional systems as energy
subbands. Therefore, one may notice the presence of a greater num-
ber of dispersion curves within a given energy interval, in comparison
with the typical spectrum of a 2D phosphorene monolayer [16].

With regard to the zBPNRs, the zero field energy spectrum also re-
veals the semiconducting character of the structure. Fig. 2(d)–(f) are
for 4-zaBPNR, 8-zBPNR, and 10-zBPNR, respectively. In this case,
the value of the main EBG is less sensitive to the increment of the
number of zigzag lines, showing only a little decrement for the values
of n considered. It can be noticed the rise in the number of allowed
states within the same energy intervals. This is also a consequence of
the increase in the ribbon width, as the carrier localization becomes
smaller. Nonetheless, the main qualitative features of the spectrum –
mainly in the case of the upper valence and lower conduction bands
– remain unchanged.

Our results for zero electric field agree well with those previously
reported [16,33]. In particular, the shape of the band structure for hy-
drogen-passivated aBPNRs and zBPNRs is reproduced, including the
quasi-flatness of the top valence band that has been previously ob-
served. Furthermore, in order to compare our results for zero applied
electric field with the previous report of Ref. [16], in Fig. 3 we show

(1)
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Fig. 2. DFT band structure of armchair and zig-zag blue phosphorene nanoribbons. Three representative widths are considered in each case: (a) 6-aBPNR, (b) 10-aBPNR, (c)
14-aBPNR, (d) 4-zBPNR, (e) 8-zBPNR and (f) 10-zBPNR.

the variation 0f the EBG for aBPNR and zBPNR as a function of
the nanoribbon width. The solid line represents the result of fitting
the band gap by , where is the EBG of
blue phosphorene monolayer and is a fitting parameter of value

eV Å for aBPNRs and eV Å for zBPNRs, as
is reported in Ref. [16]. It can be noticed that the values obtained by us
follow the same trend there reported. Consequently, it can be said that
the calculation performed in this work – for zero electric field – repro-
duces previous findings on the subject.

Figs. 4(a)–(c) and 5(a)–(c) contain our results for the calculated to-
tal DOS in the armchair and zigzag nanoribbon cases, respectively.
The comments made above with regard to the features of the energy
band structure are confirmed by observing these figures.

In addition, in Figs. 4(d), (e) and 5(d), (e) we are presenting the
calculated imaginary part of the dielectric function for the armchair
and zigzag BPNRs under consideration. As it is known, this quantity
actually represents the interband optical absorption response of each
structure. Two distinct polarizations of the incident light are consid-
ered in each case, leading to significant changes in the optical absorp-
tion spectrum of the BPNRs, mainly for the armchair geometry. This
indicates a change both in the selection rules that govern the realiza

tion of a particular valence to conduction band transition and in the
value of the corresponding electric dipole moment expected value.
For the sake of comparison, the light absorption spectrum of a sin-
gle monolayer BP is shown in the insets. It is noticed that when the
incident light is polarized parallel to the aBPNR growth-direction or
perpendicular to the zBPNR, the calculated optical response resem-
bles more closely that of the BP monolayer, with a clear tendency of
a better approaching when the number of atomic lines is larger, as ex-
pected. Even so, one may notice that the main absorption peaks in the
cases of BPNRs are blueshifted with respect to the corresponding one
in the BP monolayer.

Another interesting feature regarding the main light absorption
peak in BPNRs is the fact that it appears located somewhat above
the energy value of 4 eV. Keeping in mind that the present calcula-
tion is performed at , this indicates that the associated valence
to conduction band transition most probably takes place between the
top of the valence band and an energy subband located approximately
2 eV above of the conduction band bottom.

Changing the subject, the influence of the application of a static
electric field oriented perpendicularly to the nanoribbon growth-di-
rection onto the EBG of aBPNRs and zBPNRs is presented in
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Fig. 3. Band gap as a function of the width (w) of blue phosphorene nanoribbons. (a) aBPNR and (b) zBPNR. Square points represent our result and solid line represent the fitting
equation in the Ref. [16].

Fig. 6(a) and (b), respectively. It can be readily noticed that the pro-
gressive increment of the electric field intensity causes a significant
reduction of the EBG in these structures. The rate of decreasing of
this quantity as a function of the field strength is modulated by the
number of armchair dimers or zigzag lines that determine the width
of the nanoribbons. For narrower ribbons, the reduction of the EBG
occurs at slower pace whereas for wider ribbons, the fall takes place
more rapidly. This process may lead to the metallization of the system
by making the EBG to become zero for strong enough electric fields.
The wider the ribbon, the smaller the value of field intensity needed
to induce the insulator-metal transition. Moreover, the described effect
is more pronounced for zBPNRs. As can be seen from Fig. 6(b), for
a 10-zBPNR, the zero EBG condition is reached for a relatively low
value of the applied electric field.

For a better viewing of this phenomenon we have plotted the first
principles calculated energy band structure of aBPNRs and zBPNRs
under applied electric field in Figs. 7 and 8, respectively. For both geo-
metrical setups, a narrow (upper panel) and a wide (lower panel) rib-
bon cases are reported for four different values of the electric field in-
tensity including the zero field case. The evolution of the energy spec-
trum can be clearly observed, with a well defined transition to a metal-
lic regime for high enough field intensity.

It is worth noticing the influence of the geometry in this phenome-
non. For instance, in the zigzag case the qualitative picture of the spec-
trum is kept all along the interval of variation of the electric field, and
the progressive reduction of the EBG is readily noticed. In the arm-
chair case, the field effect causes a rather strong modification of the
shape of the electronic structure, mainly for its valence band part.

We can resort to a simple argument to explain the properties shown
by the spectrum of allowed energy values in these BPNRs. First
of all, one may consider that the presence of hydrogen-passivated
edges turns the confined motion of electrons along the nanoribbon
growth direction as analogous to the problem of a carrier in a quan-
tum well with infinitely high potential barriers. Then, the applica-
tion of a static electric field along the same direction results in a
lowering of the potential well bottom (for both conduction and va-
lence band profiles). This leads to a shift of the conduction band

states towards lower energies, and to a shift upwards of the valence
band states. At a certain value of the field, such a relative displace-
ment will induce the zero-gap condition in the structure. This process
takes place with varying intensity for different directions within the
Brillouin zone, depending on the strength of the applied field.

To illustrate the behavior of the band structure of the aBPNRs and
zBPNR, in Fig. 9 we present the local density of states (LDOS) con-
sidering different values of the applied electric field, in two specific
cases: 12-aBPNR and 10-ZBPNR. In particular, owing to understand
the field-induced semiconductor-metal transition, we plot the LDOS
associated to the valence band (VB) and conduction band (CV) states
located nearest to the Fermi level.

In the case of the 12-aBPNR one may observe that at zero applied
electric field the LDOS of VB and CB states in Fig. 9-a are spatially
distributed over the entire structure and have different shapes. How-
ever, as long as the electric field intensity augments these LDOS tend
to localize at the edges of the 12-aBPNR, whilst for the highest elec-
tric field values considered, the LDOS for VB and CB states become
equal and are localized just at one of the nanoribbon edges. In the case
of the 10-zBPNR, we observe the same kind of behavior. In accor-
dance, it can be said that the transition semiconductor-metal in BPNRs
– detected at sufficiently large electric field intensities – is caused by
the localization of the states at the ribbon edges. This kind of redistri-
bution that leads to the semiconductor-metal transition was previously
report in the case of BN nanoribbons [43].

Another aspect to be pointed at, in this case, is the field-induced
breaking of energy state degeneracies in what can be called as a quan-
tum confined Stark effect. In this case, such a feature is better ob-
served for wider nanoribbons, as expected.

The fact that the application of a static external electric field can re-
sult in a rather dramatic change of the energy spectrum – mainly in the
EBG- may constitute a tool for modulating the electronic properties of
this structures. In consequence, the possibility of their use in the de-
sign and fabrication of electronic devices becomes further enhanced.

Finally, the particularities of the valence band to conduction band
optical absorption response of aBPNRS and zBPNRs appear depicted
in Figs. 10 and 11, in which the calculated imaginary part of the di
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Fig. 4. Total density of states for armchair blue phosphorene nanoribbons. Three different ribbon widths are considered. (a) 6-aBPNR, (b) 10-aBPNR and (c) 14-aBPNR. In addition,
the calculated imaginary part of the dielectric function of these three nanoribbons is shown as well, taking into account two polarizations of the incident light: (d) light polarized
perpendicular, and (e) light polarized parallel to the armchair nanoribbon growth direction. The insert in the panel (e) contains the imaginary part of the dielectric function in the case
of a blue phosphorene – extended – monolayer.

electric function is shown as a function of the incident photon energy
for armchair and zigzag BPNRs respectively. Two different ribbon
widths and two distinct polarizations of the incoming light have been
taken into account.

In the armchair geometry, there is a relatively small influence of
the electric field on the light absorption for both polarizations for the
6-aBPNR (Fig. 10(a) and (b)), with a redshift of the position of res-
onant peaks, together with an enhancement of some of their ampli-
tudes, which are mainly noticed when the light polarization is such as
the electric field lies perpendicular to the growth direction. However,
there is a significant redshift as well as a reinforcement of some ab-
sorption peaks – compared with the zero field case – in the response
of the 14-aBPNR (Fig. 10(c) and (d)), being more notorious when the
light polarization is parallel to the growth direction.

The absorption response of the zBPNRs shows an analogous be-
havior, with a weaker redshift of the resonant signals for the narrower

ribbon (4-zBPNR, Fig. 11(a) and (b)) and a larger displacement and
amplitude enhancement when the nanoribbon has a greater width.

The above commented changes induced by the electric field on the
electronic structure are responsible for the properties of the optical re-
sponse of the BPNRs under study. It is worth noticing that there are
interband transitions – mainly those related with larger energy differ-
ences – that are not much affected by those changes. In fact, depend-
ing on the particular light polarization, more significant field-induced
variations has to do with the lower transition energies around the mod-
ified EBG value, for which new selection rules – associated among
other things with the quantum confined Stark effect – appear.

At this point, it is worth to highlight the effect of the geometry in
the optical properties of the systems investigated. This opens a possi-
bility of the combined use of the edged setup, the electric field, and the
size of the structures in order to design a particular optical response
for practical applications.
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Fig. 5. Total density of states for zigzag blue phosphorene nanoribbon. Three different ribbon widths are considered: (a) 4-zBPNR, (b) 8-zBPNR and (c) 10-zBPNR. The imaginary
part of the dielectric function of these three nanoribbons is shown in graphics (d) and (e). The calculation included two distinct polarizations of the incident photons: (d) light polarized
parallel and (e) light polarized perpendicular to the zigzag nanoribbon growth direction. The insert in the panel (e) contains the imaginary part of the dielectric function in the case of
a blue phosphorene – extended – monolayer.

4. Conclusions

In this work we have theoretically investigated the electronic and
optical properties of blue phosphorene nanoribbons with and without
the influence of external electric field. First principles density func-
tional theory was used to perform the calculations. In particular we
have explored the change of the electronic structure of the zig-zag and
armchair blue phosphorene nanoribbons induced by a static electric
field transverse to the nanoribbon grown-direction.

Our results show that in both kind of structures the energy band gap
decreases as the electric field strength is augmented. Even for wide
blue phosphorene nanoribbons and small field intensities it is detected
a transition of the electronic spectrum from semiconducting to metal-
lic character. This phenomenon could be employed to developed new
tunable opto-electronic devices.

In addition, our theoretical results for the imaginary part of the di-
electric function show that the interband linear optical response of the

blue phosphorene nanoribbons is also affected by the changes in the
electronic properties due to the influence of the applied electric field.
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Fig. 6. The energy band gap as a function of the intensity of the externally applied electric field. Panel (a) is for the case of armchair blue phosphorene nanoribbons, and (b) for zigzag
blue phosphorene nanoribbons. In both cases we have considered several values of the nanoribbon width.
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Fig. 7. Energy band structure of armchair blue phosphorene nanoribbons for different values of the electric field intensity: 0, 0.3, 0.6, and 0.9 V/Å. Two armchair nanoribbon widths
are considered: 6-aBPNR (panels (a)–(d)), and 12-aBPNR (panels (e)–(h)).
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Fig. 8. Energy band structure of zigzag blue phosphorene nanoribbons for different values of the electric field intensity: 0, 0.3, 0.6, and 0.9 V/Å. Two zigzag nanoribbon widths are
considered: 4-zBPNR (panels (a)–(d)), and 10-zBPNR (panels (e)–(h)).
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Fig. 9. Local density of states for 12-aBPNR (a–d) and 10-zBPNR (e–h), different values of the external electric field are considered. Yellow plot represent the valence state nearest
to the Fermi level (VB) and blue surface plot represent the conduction state nearest to the Fermi level (CB). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 10. Imaginary part of the dielectric function for armchair blue phosphorene nanoribbons of different widths. Panels (a) and (b) are for 6-aBPNR, (c) and (d) are for 14- aBPNR.
Two polarizations of the incident light are considered: (a) and (c) correspond to light polarized parallel, and (b) and (d) correspond to light polarized perpendicular to the armchair
nanoribbon growth direction. The absorption curves appear plotted for electric field intensities going from zero to 1 V/Å, with a step of 0.1 V/Å.
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Fig. 11. Imaginary part of the dielectric function for armchair blue phosphorene nanoribbons of different ribbon widths. Panels (a) and (b) are for 4-zBPNR, (c) and (d) are for
10-zBPNR. Two polarizations of the incident light are considered, (a) and (c) light polarized perpendicular and (b) and (d) light polarized parallel to the zigzag nanoribbon growth
direction. The absorption curves appear plotted for electric field intensities going from zero to 1 V/Å, with a step of 0.1 V/Å.
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