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For several types of the applied electric field configuration on the normal-zigzag black phosphorus nanoribbon (nZZ-
BPNR) we investigate the band structure and the linear optical absorption spectrum, especially for the edge states and the
corresponding low-energy absorption peaks. The obtained results show that the applied electric field can not only open
another band gap at k = 0.5 point, but also can change completely the spacial probabilities of edge states in the two edge
bands. The strength of electric field can tune the two band gaps at the I" point and 0.5 point. Further, one remarkable feature
is that the forbidden transition Ej» and Ep; are allowed. The lowest-excited-energy linear absorption peak E;; originates
from the transition between two edge bands at the I" point. Finally, in comparison with the lowest-excited-energy peaks
among various configurations, the second type of electric field configuration can move this peak blue-shift larger than other

configurations.
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1. Introduction

Two-dimensional black phosphorus (BP) provide enor-
mous potential in electronic and optoelectronic applications
due to the tunable and moderate direct band gap and the high
carrier mobility. Significant efforts have been devoted to inves-
tigate its electronic, optical, and mechanical properties,!!~7}
which is the foundation for next-generation chip-scale inte-
grated devices. With respect to the optical properties, BP-
based photo-device’s shape and size affect device performance

24891 Some related

due to the spacial confinement effect.!
reviews on photonics and fabrication of BP can be read in
Refs. [1], [5], [6], and [7]. Zhang et al. proposed and con-
firmed experimentally that the band-gap and optical proper-
ties can be tuned by doping with metal-ion onto the sur-
face of BP.!%! In recent months the optical properties of few-
layer black arsenic phosphorus can be tuned by the electric
field.''l In last year the theoretical work on investigating
the electric- and magnetic-field dependence of the electronic
and optical properties of phosphorene quantum dots has been
done.!"?) Remarkably, in these days two groups applied the
top gate voltage and bottom gate voltage on monolayer topo-
logical WTe; to realize the electrically tunable low-density

[13.14] Therefore, it excites more and more

superconductivity.
interesting study on the electric tune of electtic structure and
optical properties of various two-dimensional topological ma-
terials.

Via first-principles simulations the optical absorp-

tion spectra and excitons of monolayer black phosphorus
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(phosphorene) nanoribbons (BPNRs) has been theoretically
studied.[!>16] Unfortunally, at the edge atoms of BPNRs they
adhere to hydrogen atoms in order to obtain the stable geo-
metrical structure. The adhering hygrogen atom leads to the
opening of band gap, however, there are not the edge bands in
the band structure.

Based on the tight-binding (TB) model, remarkably, in
the normal-zigzag black phosphorus nanoribbon (nZZ-BPNR)
a prominent feature is the presence of a quasi-flat edge band
entirely detached from the bulk band,?*!%17-23] which is dif-
ferent from the zero-energy edge bands in zigzag grapheme
nanoribbon (ZGNR).?*28] The exciton structure of black
phosphorus quantum dots!*! and exciton Stark shift in BP?°]
have been theoretically investigated. They adopted the 10 hop-
ping parameter TB model.!?! Pederson e al. have devote hard
theoretical work to investigate the nonlinear optical response
of monolayer phosphorene,? and the optical third harmonic
generation of BP on the base of the tight binding model, in
which the hopping and overlap integrals are evaluated with
density functional tight binding.3!!

The in-plane applied electric field along the ribbon width
can tune the band structure and optical properties of black
phosphorus nanoribbon (BPNR).[!7-??l Duye to two atom sub-
layers along the z axis in nZZ-BPNR, one can apply the dif-
ferent electric fields on the upper (lower) sublayer.[!!:1223] Tn
this paper, the lattice structure of nZZ-BPNR shows in Fig. 1.
Based on the former research work, we propose several types
of the applied electric field configuration on nZZ-BPNR to
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study the band structure and the linear optical absorption spec-
trum, especially for the edge states and the corresponding low-
energy absorption peaks. The nZZ-BPNR absorption gap with
low-energy absorption peaks can be tunable by the electric
field. Comparison of band structure and optical absorption
characteristics under different types of electric fields we hope
these research results to be helpful for the future design of op-
toelectronic nano devices. We hope that these two recent ex-

(13,141 can help one to reproduce our theoretical

periment skills
work in the future.

In what follows, we introduce structures and provide the-
oretical details of calculations in Section 2, discuss the results

in Section 3, and summarize the discussion in Section 4.

Fig. 1. (color online) The geometrical structure of nZZ-BPNR with the
width Ny, = 20 (the number of atoms in one unit cell). The unit cell is
shown in the dashed rectangle frame.

2. Theoretical model

We employ the tight-binding Hamiltonian derived re-
cently by Rudenko ef al. for phosphorene!?!

I—AI:Ztijcchj—i—ZVachi, (D)
i#j ica

where cj (¢) is the electron creation (annihilation) operators
at site #, and #;; are parameters describing the hopping energy
between the lattice sites i and j up to the tenth nearest neigh-
bor site, while Vy, (o« = A, B or C) is the electrical potential
energy induced by the different applied gate voltages on three
different regions A, B, and C shown in Fig. 4. The basis set of
wave function is {¢;(k)} (i=1,2,3,...,Neen), in which ¢;(k)
is the Fourier transform of the atomic orbital function @;(r)
at site i. So the solved wave function of system for the n-th
eigenenergy E, (k) at k point is written as

C

Valk) = (c10k), k), (R), oot (B)). (@)

The spacial probability of the wave function y, (k) is p/* (k) =
" (k) (k) at the site i.

The analytic expression of the linear optical absorption

spectrum takes the general form32-37]

2 r
(ho —ES' ) + 72

a()~o) |e- (M) (3)
I
where the transition energy E}) = Ej, — E;, of each band-to-
band contribution. The unit of wave vector (ky, ky) is (2n/a,
27 /b), in which the lattice constants a = 3.314 A (zigzag),
b =4.376 A (armchair).[3*% The ez denotes the polariza-
tion direction of the incident laser. Lorentzian homogeneous
broadening is included with ¥ = 0.01 eV. The interband dipole

matrix is written as[34-35-40]

_ —e<l/lfc\lflr —rI:I|l;J,‘;>
E, —Ey

M (k) ; “
where A is the Hamiltonian of the system, and v, () and
E;, (E}) are the wave functions and the energies of the con-
duction band (c) (valence band (v)) at a given k-vector for the
transition v — ¢, respectively. In this work, we only consider
direct transitions among bands. Firstly, according to the ob-
tained band structure in Fig. 2(a) based on the Hamiltonian
in Eq. (1), involving all transitions between two conduction
bands and two valence bands. Through the Brillouin zone
integration we calculate the linear absorption spectrum for
two-dimensional monolayer phosphorene shown in Fig. 2(b).
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Fig. 2. (color online) The band structure (a) and the linear absorption
spectrum (b) of monolayer phosphorene. For panel (b) the total numer
of k-point is Ny - N, = 8 x 10* large enough to make the curve lines
smooth in the calculation.
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Obviously, there is an extraordinarily large optical anisotropy.
In the low-energy region the y-polarized absorption is the
strongest, in the narrow high-energy region 7.0 eV ~ 9.0 eV
the absorption peak for the z-polarized incident laser is 16
times stronger than the peak of y-polarized absorption at
1.8 eV, which is the same to the optical conductivity o.!
For the nZZ-BPNR shows in Fig. 1, not considering the
applied electric field, with different widths, we calculated the
band structure shown in Fig. 3(a). When the width is narrow,
there two edge bands. With the increase of width the two edge
bands are close to each other, which is in agreement with the

22231 Obviously, the two edge bands are

results in the work.!
the quasi-flat edge bands near the Fermi energy that is entirely
detached from the bulk bands. For large width nZZ-BPNR
this quasi-flat edge band is two-fold degenerate not consider-
ing spin degree. According to the spacial occupied probabil-
ity of these states in two edge bands in Figs. 5(al)-5(a2), at
k = 0.5 the electron of edge state does not localize at one edge
site, but at two opposite edge sites 50%, respectively. This
character is different from the edge states in zigzag graphene
nanoribbon, 4243

Based on the band structure obtained above, with the
increase of width the low-energy-excited linear absorption

spectrum for the left-circle incident laser is shown in Fig. 3(b).
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Fig. 3. (color online) The band structures (a) and the y-polarized linear ab-
sorption spectra [(b)—(c)]. The integers denote the widths of nZZ-BPNRs.

Compared with that in Fig. 2(b), there are some low-energy-
excited peaks below 2.0 eV. The size effect and the position
of low-energy-excited peaks are in agreement with the the-
oretical work.!"?! With the increase of width the number of
low-energy-excited peaks increases, but the peak intensity de-
creases. When Ny, < 32, there is several much stronger low-
energy peaks than the high-energy peaks. For the narrow
width BPNR (N, < 52) the lowest-energy-excited peak from
the excitation between two edge bands is close to zero from
1.0 eV (when Ny, = 8) in Fig. 3(c). The low-excited energy is
the energy region of interest for nZZ-BPNR. Therefore, in this
paper we take the narrow nZZ-BPNR (&, = 20) as an example
to study the effect of electric field on band structure and linear
optical properties.

According to the geometrical structure of nZZ-BPNR
there are four divided space regions to apply the electric field
denoted by different colors in Fig. 4. Considering the situation
in practical application, it should be existence of the middle
region without the action of applied electrical field denoted by
gray color (Vg = 0), which is to avoid the contact between two
neighbor regions under different electric voltages. Therefore,
we can design five types of the applied electric field configu-
rations to study the electronic and optical properties of nZZ-
BPNR in order to investigate the way to tune the band struc-
ture, specially the edge bands. Firstly, according to z coordi-
nate we apply two different electrical potentials on two atom
sublayers: Vga = & (z > 0) and Vgg = —& (z < 0) shown in

® Ve @ Ve @ Voc

Fig. 4. (color online) The schematic diagrams of five types of electric field
configuration on the two or three regions A, B, and C denoted by red, blue,
and green color, respectively, in nZZ-BPNR (Ny, = 20).
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Fig. 4(1). The second type Il is to divide cell into two regions
having two different electrical potentials according to y co-
ordinate: A (y < y9) and B (y > y12), where yg(15) is the y
coordinate of site 9(12). The third type III is to divide the up-
sublayer into two regions according to y coordinates: A and B.
The fourth type IV is the A (z >0,y <y9), B(z<0,y > y12).
Based on the fourth type, we add the region C (z > 0, y > y12)
in the type V.

3. Band structure and optical properties under
applied electronic field

For the former four types of electric field distribution con-
figurations in Fig. 4 we apply two different electric potentials
on two different regions: Vga = & and Vgp = —§(0 < & <
0.50 eV). Wondrously, even if applying very weak electric po-
tential the most remarkable change in band structure is that the
spacial probability of edge states at k = 0.5 becomes 100% at
one single edge site shown in Figs. 5(b1) and 5(b2), which is

similar to the edge states in ZGNRs. [41-43
1.0 P
(al) N=11 (b1) N=11r" *«
208 .
2 0.6 Ve=0 eV Vi =0.05 eV,
< K N
2 0.4 — 1
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Fig. 5. (color online) The spacial probability at the edge sites 1, 2, 19, and
20 of edge states in two edge bands (N = 10, 11) without /with the I type of
applied electric field shown in panels (a)/(b), respectively.

For two edge bands there are two special k points I”
(k =0) and k = 0.5. Not considering electric field the band
gap A at I' decreases with the increase of width shown in
Fig. 3(a). When applying electric field, the degenerate two
bands at kK = 0.5 splits and open one another band gap A;
shown in Fig. 6(a). For Ny, = 20 the two band gaps A; and A,
change with the applied electric potential, respectively, shown
in Fig. 6(b). Obviously, for I, II, and IV types, the band gap
Ay at k = 0.5 versus the gate voltage is the same. It increases
rapidly from zero and is over the band gap A;. The band gap
Ap at I versus voltage is different for different types of elec-
tric field, respectively. For the band gap A; among four types
of electric field it increases slowly in the type I. On the con-
trary, for the type II it increases fast and approaches to the A;.
From Fig. 6(b) for the types II and IV they have the same char-
acteristic that the band gap A; is similar to the A, compared

to other types. Comparing these two types the difference in
them is the degree of opened gap when large electric field, the
opened gap in the type II is three times larger than that in the
type IV. Therefore, these results show that the band gap A;
and A; is not only sensitive to the strength electric field, but
also sensitive to the configuration of electric field distribution,
especially for the A;. We can expect that the linear optical
absorption in the low-energy-excited region is different due to
the different band gaps under the four types of electric field
distribution configuration in the following paragraphs.

Energy/eV
S

\
o
w

|
o
o

0 0.2 0.4 0.6 0.8 1.0

A/eV

V/eV

Fig. 6. (color online) The edge band structure without/with electric field
in panel (a). (b) The two band gaps A; and A, at I" point and k = 0.5
point change with the strength of electric field for four types of distri-
bution configurations, respectively.

Subsequently, when the strength of electric field is taken
as 0.5 eV, the band structures and the calculated linear optical
absorption spectra for five types of electric field configuration
are shown in Fig. 7 and Fig. 8, respectively. From the band
structures in Fig. 7 we can find that the configuration of elec-
tric field tunes mainly the structure of two edge bands. The top
of the band 11 is independent on the configuration of electric
field. But the dip of the band 11 and the top and dip of the band
10 change with the configuration of electric field. For the fifth
type of electric field configuration, the band gap A; decreases
and the structure is the same to that for the third type. How-
ever, when Vgc = 0.50 eV the two edge bands is the same to
that for the type II. Therefore, we can control the value of Vgc
to tune the electric field configuration from one to another one.
We consider four low-energy transitions at the I" point among

127301-4
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four bands near the Fermi energy. Analyzing the dipole ma-
trix elements between the four bands near the Fermi energy,
we find that at k = 0.5 the y-component of dipole matrix ele-
ment always is zero, although the band gap A, changes with
the strength of electric filed. That is to say, the transition be-
tween two pure edge states in the two edge bands 10 and 11 at
k = 0.5 is forbidden even if applying the electric field.

4

(a) I (b) II (c) III (d) 1v (e) V
3
2
>
>IN ! 12 12
o0 1
o 1 1
2 0 1 11
5]
1 10
_1] 10 10 0 10
9 9 9 9 9
-2

—-0.3 0 0.3-0.30 0.3—-0.3 0 0.3—0.3 0 0.3—0.3 0 0.3
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Fig. 7. (color online) The band structures of nZZ-BPNR with Ny, = 20 under
five types of electric field configuration. Here the strengths of gate voltages
on different regions are Vga = 0.50 eV, Vgg = —0.50 eV, and Vgc = 0.50 eV
in panel (e) for the fifth type. The black vertical arrows denote the four low-
energy transitions at the I" point.

According to the band structure of two edge bands above
obtained in Fig. 7, obviously, several low-energy-excited
peaks appear in the region between 0 and 2.2 eV for x- (y)-
polarized linear absorption spectra in Figs. 8(a) and 8(b).
Compared with the data at V = 0.50 eV in Fig. 6(b), we find
that the lowest-energy-excited peak called E;; in Figs. 8(a) and
8(b) originates from the band gap A; at I" for five types (I-V)
of electric field configuration, respectively. From Figs. 6(a)
and 6(b) the position of the lowest-energy-excited peak can be
tuned by the strength and the configurations of electric filed.
Especially, the lowest-energy- excited peak for y-polarized in-
cident light is much stronger than that for x-polarized light.
For the type V using the strength of another gate voltage Ve
in the third region we can tune the band gap Ay, that is to say,
the position of the lowest- energy-excited peak from the high
energy to the lower one. At the same time, then band gap A,
nearly does not change with the strength Vgc.

From Fig. 8(b) other low-energy-excited peaks appear
near 1.7 eV corresponding to the transitions between 9 (10)
and 11 (12), so called Ej (Ep;). But the analysis of dipole
matrix element shows that the transition E, (E;;) are forbid-
den without the applied electric field. However, when apply-
ing electric field the forbidden is broken. Further, the E{, (E2)
peaks are mainly excited at the I" point, not at k = 0.5 point.
The splitting of the Ej, peak and the E»; peak is dependent on
the electric field configuration.

Compared with the spectra for various electric field con-
figuration in Fig. 8(b), with the same strength of electric field
the E;; peak for the second type configuration moves to the
higher energy position 0.9 eV than other types. According to
the data in Fig. 6(b) the energy position of E;; peak for the
second type is the highest at all strength of electric field. For
the first type configuration the E{| peak is at the lowest energy.

(a)

Absorption
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v 450+

400 - 300
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0

7.0 7.5 8.0 8.5 9.0 9.5
Frequency/eV

Fig. 8. (color online) For x- (y- and z)-polarized incident light the linear
absorption spectra in panels (a), (b), and (c), respectively, under the five
types of electric field with the strength (Vga = 0.5 eV, Vgg = —0.5 eV,
and Vgc = 0.5 eV). The gray dotted line is the spectrum without electric
field for comparison.

4. Conclusion

In the summary, the obtained results show that the ap-
plied electric field not only open another band gap at k = 0.5
point, which is corresponding to the pure edge state, but also
can change completely the special probabilities of edge states
in the two edge bands. The strength of electric field can tune
the two band gaps at the I" point and 0.5 point. However,
the transition at 0.5 point between two edge bands is forbid-
den. The lowest-excited-energy linear absorption peak Ej;
originates from the transition between two edge bands at the
I' point. Further, the second type of electric field config-
uration can move this lowest-excited-energy peak blue-shift
larger than other configurations. Finally, one remarkable fea-
ture is that the second lowest-excited-energy forbidden peak
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E; and E;; are allowed by applying the electric field.
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