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HIGHLIGHTS

® Anisotropic electro-optical properties of monolayer black phosphorus in the presence electric field effects are investigated.
® For the frequencies beneath the band gap, the refraction (absorption) along the armchair direction of phosphorene is smaller (larger) than the zigzag direction.
® For the frequencies above the band gap, the dynamical dielectric function decreases with the electric field independent of the direction.

ABSTRACT

We present electric field effects on the optical field-dependent dielectric function of phosphorene. We use a two-band model and the Kubo formula to obtain refractive
index and absorption coefficient. From our findings, the refraction (absorption) along the armchair direction is smaller (larger) than the zigzag direction for the
optical energies close to and larger than the band gap. Moreover, we find that for frequencies beneath the band gap, dynamical dielectric function decreases with the
electric field independent of the orientation, whereas there is a strong anisotropic treatment above the band gap.

1. Introduction

Developing two-dimensional (2D) materials for the opto-nanoelec-
tronics are extensively studied lately. Due to the unsuitability of gapless
graphene [1-3] in the semiconductor industry, other 2D gapped ma-
terials based on the molybdenum, silicon, boron, and phosphorus atoms
have been synthesized [4-10] quickly, confirming that the family of 2D
materials is growing fast. Among 2D materials, the black phosphorus
introduces remarkable electro-optical properties [11-13]. The key
feature in this puckered 2D system is related to its strong anisotropic
property [14,15], which leads to the orientation-dependent carrier ef-
fective mass and velocity in contrast to other 2D gapped systems.

The unique properties of phosphorene originating from this aniso-
tropy result in a high ON/OFF current ratio [16,17], high carrier mo-
bility [18], a mechanical malleability [19], the anisotropic thermal and
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electrical conductivity [20]. Due to these features, phosphorene is more
applicable compared to other materials in electronic [11,21] and
thermoelectric devices [20,22]. On the other hand, many works have
shown that the semiconductor nature of phosphorene can be tuned
through different methods such as doping [23,24], defect [25], hy-
drogenation [26-29], strain and electric field [30-34].

Giant Stark effect stemming from the external electric field (gate
voltage) is an important effect which comes into play role in tuning the
electronic phase of phosphorene [35-37]. Thereby, studying the elec-
tric-field-dependent optical properties of phosphorene is interesting.
However, in order to improve and solve the shortcomings of 2D semi-
conductor industry, investigation of electric field-dependent refraction
and absorption processes of phosphorene subjected to an optical field is
important. To the best of our knowledge, this open issue has not been
theoretically addressed yet, which is the main aim of the present paper.
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Fig. 1. (a) Side view of monolayer phosphorene. The armchair and zigzag di-
rection are along the x and y axis, respectively. The electric field is applied
along the z axis. The unit cell of monolayer phosphorene consisting of four
phosphorus atoms is shown by a dashed rectangle in (a). The first Brillouin zone
of phosphorene is depicted in (b) for which — 7/a <k, < +7/a and
— 7/b < ky < +7/b where a = 4.42936 A and b = 3.27 A is the length of the unit
cell along the armchair and zigzag direction, respectively.

In this paper, we show the electric field effects on the band gap and
the dynamical dielectric function in phosphorene. These findings pro-
vide new physical insights, making a better understanding of the optical
responses of phosphorene. To this end, we use a two-band tight-binding
model and employ the Kubo formalism implemented in the linear re-
sponse theory to obtain the optical conductivity and eventually the
dynamical dielectric function. Finally, the refraction and absorption
coefficients are calculated in the presence of an external electric field at
different optical frequencies.

The paper is organized as follows. In Section 2 the two-band Ha-
miltonian model is reviewed. Section 3 presents briefly the Kubo for-
mula and the dynamical dielectric function. In Section 4, we analyze
the numerical results and finally in Section 5 we end the paper by re-
marking the main findings.

2. Theoretical model

Since the crystal structure of phosphorene consists of two sublayers
with four the same atoms per sublayer, as shown in Fig. 1(a), the
electric field-induced tight-binding Hamiltonian matrix of phosphorene
for one p, orbital in the reciprocal space reads [38,39]

” h%} +V/2 h%?
k 12,% ’
h? h%l —-V/2 a
where the momenta I_c> belong to the first Brillouin zone (FBZ) of
phosphorene. On the other hand, using the symmetry between two
sublayers, the momenta-dependent elements, so-called the structure
factors, are calculated as h%} = 4tycos(kya/2)cos(k,b/2) and
h1? = 2ne *eaixcos(kyb/2) + pelka2 + 2eikeasicos(kyb/2) + tsekxasy,
Note that only five nearest neighbor lattice sites are considered with the
hopping integral energies ; = —1.220 eV, t, = +3.665 eV, ; = —0.205 €V,
ty = —0.105 eV, and ts = —0.055 eV [38,40] [see Fig. 1(a)]. V stands for
the applied gate voltage on the top (+ V/2) and bottom (— V/2) of
sublayers [41,42]. The distance between the intra- and inter-planar
nearest-neighbor atoms projected to the x direction are given by
a, = 1.41763 A, ay, = 2.16400 A, a3, = 3.01227 A, a4 = 2.21468 A, and
as; = 3.63258 A[38,40,39]. Diagonalizing the Hamiltonian above, the
eigenvalues read

2
&, =hll+ ,,\/VT + h2RE, @
where v = +1 and v = —1 refers to the conduction band and valence
band, respectively.

Using the dispersion energy obtained above, one is able to char-
acterize the electronic phase of monolayer phosphorene, i.e. semi-
conducting phase. The shadowed area in Fig. 2 shows a band gap of
about &, = 1.52 eV for monolayer phosphorene [38], which increases
with the gate voltage V, in agreement with Refs. [38,43]. The curves
show that the direct band gap of the system keeps its nature at all
electric fields and there is no direct-to-indirect phase transition. A key
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Fig. 2. The variation of the electronic band structure of monolayer phos-
phorene with the electric field V. The direct band gap increases with V.

role of strong anisotropic properties of phosphorene originates from
this band structure for which the bands along the armchair (X « I') and
zigzag (I—Y) direction are not the same. These lead to the orientation-
dependent electro-optical properties. Let us focus on the main aim of
the paper, i.e. the electric field effects on the dynamical dielectric
function of phosphorene.

3. Dynamical dielectric function

To calculate the dynamical dielectric function of phosphorene, we
consider an effective finite thickness of d ~ 1 nm [44] as well as the
static relative permittivity of the system ¢, ~ 5.76[44]. Using these
parameters and also the permittivity in vacuum ¢y, the dynamical di-
electric function € reads [45,46]

o.inter ()
ggg(w) = & + iﬁfOT;). @
in which o};‘g‘e‘ (w) for B € {x, y} are the diagonal terms of the interband
optical conductivity tensor and w is the incident optical frequency. In
the equation above, interband optical conductivity components are
calculated using the Kubo formula within the linear response theory
[39,47-49]

Uinler(w) .
BB __ 4 By2
o hw E (XE')
-
k €FBZ

FD _ ,FD —
P —nfP)ep  ~&p )

(hw +in)? — (5;+ - 5;7)2 : 4)

where g, = €?/h is the universal value for the optical conductivity. The
finite damping between the valence and conduction bands is given by
7 = 10 meV and anJr =1/1+ exp[(Ex , — W/kgT] stands for the Fer-
mi-Dirac distribution function at the chemical potential 4 and tem-
perature T (kg being the Boltzmann constant). Also, )(f refers to the
direction-dependent velocity of carriers in phosphorene [38,40,43,39],
given by

;(i‘, = —2ha,c08(kyb/2)cos(kyary + 67)

+ Laycos(kyar — 07)

+ 2a3,cos(kyb/2)cos(kyaz: — 07)

— tsasycos(kyasy + 9;), (5a)
;(Ey. = +bysin(kyb/2)sin(kyary + 67)
— bssin(kyb/2)sin(kcaz: — 67). (5b)

where % = h%z/ h%z'*.

From Eq. (4), it is clear that the interband optical conductivity
possesses a real and an imaginary part, thus, the dynamical dielectric
function, given by Eq. (3) can be rewritten as
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This relation leads to a complex refractive index
Jegs(w) = ngg(w) + ixgg(w) for which [50]
(@) = \/&/nﬁﬁ(wn + e (@)
Pl = 2 : (8a)
(@) = J,/nﬁﬁ(wn - (@)
T 2 ' (8b)

where xgs(w) is the extinction coefficient, while the parameter nggz(w)
determines the refraction rate of the system when it is subjected to an
optical field with frequency w. Although xgs(w) itself can be calculated
and studied, however, the most related important quantity to xgs(w) is
absorption coefficient agg(w) = 2wigs(w)/c in which c is the velocity of
light.

4. Numerical results and discussion

The dynamical dielectric function £(w) tells us that the refraction
and absorption of the phosphorene in the presence of an external per-
pendicular electric field depend strongly on the interband optical con-
ductivity of the system. On the other hand, from Eq. (4), the interband
optical conductivity connects to the electronic dispersion energies &7 .
Thereby, obviously, the ¢(w) quantity must not be the same along the
armchair and zigzag directions. In this section, we focus on the or-
ientation- and electric field-dependent dynamical dielectric function in
order to see how the system responses to an optical field in the presence
of an applied gate voltage on the top and bottom of sublayers in
phosphorene.

Note that the methodology must not deal with unrealistic parameter
ranges, for this reason, the selected range for the electric field is from 0
to 3 eV. This allows the experimentalists to catch the results as well. As
for the temperature parameter, which comes into play role in Eq. (4),
we stress that the thermal energy kg T at room temperature is around
26 meV while the band gap of monolayer phosphorene is around 1.5 eV.
From this huge difference, we omit the temperature effects in the pre-
sent paper and we have fixed the temperature throughout the paper at
10 K. As the last point, for the sake of convenience, we divide the op-
tical frequencies into three beneath, near and above the band gap re-
gimes, i.e. hw < &;, hw ~ &; and hw > &,. Additionally, we have stu-
died the high enough optical frequency case as well in order to study
the validity of our model.

Before interpreting the results, we would like to point out a very
important and expected finding in our plots. Around the I' point of the
electronic band structure, see Fig. 2, the carrier effective mass, origi-
nating from the curvature of bands, along the armchair (X« I') direc-
tion is smaller than the zigzag (I'>Y) one, whereas the carrier velocity
is larger. This clarifies that the interband optical conductivity along the
armchair direction must be larger than the zigzag one. Thereby, for the
case of hw ~ &, we expect a smaller refractive index n(w) but a larger
absorption coefficient a (w) along the armchair direction, as confirmed
nicely in panels (b) and (f) of Figs. 3 and 4 (blue? curves).

In general, the path of entered incident light into a material is
tracked by the dimensionless number n(w), which describes the

2 For interpretation of color in Figs. 3 and 4, the reader is referred to the web
version of this article.
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Fig. 3. The real part of dynamical dielectric function, refractive index, as a
function of the potential V for four different optical energies
hw ~ Ey/2, hw ~ &, hw ~ 284, and hw ~ 6&, along the {(a)-(d)} armchair di-
rection and {(e)-(h)} zigzag direction. The temperature is fixed at T = 10K in
these plots.
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Fig. 4. The same as Fig. 3 but for the modified imaginary part of the dynamical
dielectric function, i.e. absorption coefficient.

refraction index of the system when touching the incident light with
frequency w. Theory of relativity expresses that this number must be
below the unity, as confirmed in our numerical calculations. Obviously,
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the incident light after crossing the interface moves into the phos-
phorene and propagates with the same frequency w but a shorter wa-
velength. This wavelength can be extremely controlled by the electric
field because Fig. 2 shows clearly that the wave vectors of carriers
strongly depend on the electric field strength. For this reason, the
coupling between the carrier wave vector and the light wave vector is
influenced by the electric field.

Fig. 3 illustrates the frequency- and electric field-dependent re-
fractive index at temperature T = 10 K. In the case of hw ~ &,/2, the
refractive index decreases with the gate voltage for both directions
(panels (a) and (e)) and the order of magnitude along the armchair
direction is much smaller than the zigzag one, as expected. As soon as
the optical energy is increased, the intensity of n(w) decreases. For the
case of iw ~ &g, the decreasing trend with the electric field is still valid.
The difference between results along the armchair and zigzag direction
in this regime refers to the exponential decay of the curve along the
armchair direction (Fig. 3(b)), whereas an almost linear behavior can
be seen along the zigzag one (Fig. 3(f)). However, the key difference
between the armchair and zigzag directions comes from the optical
frequencies above the band gap, but not strong ones. Fig. 3(c) and (g)
(red curves) reveal that in the case of iw ~ 2&;, the refractive index
along the armchair edge increases with V and reaches a maximum at
V =~ 2.75 eV, while along the zigzag edge, the number n(w) does not
change up to V~ 1 eV and then decreases rapidly. This is the main
point of our results, which signalizes the inherent strong anisotropic
property of phosphorene manifesting itself in the refraction coefficient
corresponding to the frequencies above the band gap of the system.

Let us investigate the higher optical frequencies as well. Panels (d)
and (h) in Fig. 3 represent the case of iw ~ 65, for which our model
does not contain any bands and the isotropic curves are expected for the
optical conductivities and eventually dynamical dielectric function.
Both directions possess an increasing treatment with V with a slight
difference between the amounts of n(w). Of course, one can consider
another band model with more bands to include more information at
high enough frequencies, however; this is outside of the scope of the
present work.

Now we turn to the optical absorption behavior as a function of
optical frequency and the electric field in Fig. 4. Generally, the pene-
tration of an incident light into a material before complete absorption is
shown by the a(w) quantity. In other words, the transmission of the
light from a material is measured by this coefficient. Of course, the
optical frequency here is much more than important. Fig. 4(a) and (e)
show that the absorption coefficient independent of the orientation
decreases with the electric field when the optical energy is less than the
band gap. Again, an exponential decay (a decreasing behavior) for x
(y)-absorption with V is achieved for the case of iw ~ &, , as presented
in Fig. 4(b) and (f). Similar to the case of refractive index, there is a
critical electric field strength (V =~ 2.5 eV) at which the absorption
spectra is maximized along the armchair edge, whereas there is no
critical electric field for the zigzag edge and «,,(w) decreases with V
gradually, see Fig. 4(c) and (g). When exciting the carriers from the
valence band to the conduction band with the optical frequencies much
higher than the band gap size, weak absorptions like the lower fre-
quencies emerge, see Fig. 4(d) and (h). These weak absorptions increase
with the electric field slightly.

5. Conclusions

In summary, we have theoretically studied the dynamical dielectric
function of monolayer phosphorene under a perpendicular electric
field. In particular, the photon energy- and electric field-dependent
refractive index and absorption coefficient are investigated using an
effective Hamiltonian model and the Kubo formalism. After addressing
the increase of the band gap with the electric field, we have shown that
these optical responses are strongly anisotropic and influenced by the
electric field along the armchair and zigzag directions, as expected. We

Chemical Physics Letters 731 (2019) 136606

have found that while there is a strong anisotropic trend in both re-
fraction and absorption phenomena with the electric field for the fre-
quencies above the band gap, they behave the same for the optical
energies beneath and near the band gap. These findings validate
phosphorene as a promising alternative to other 2D materials in op-
toelectronics.
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