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ABSTRACT: Fundamental limits to the computation using
silicon-based devices stimulate other emerging and viable
alternatives. Manipulation of the electrical and optical
properties with the ultrafast and intense electric fields offers
one of such alternatives. Here, we study the interaction of
high-intensity pulsed femtosecond laser of various intensities
and carrier frequencies with a monolayer phosphorene using
the real-time real-space time-dependent density functional
theory. The nonlinear induced currents are entirely reversible
but are phase-shifted compared to low-intensity lights within
the period of incident laser. We observe optical Kerr effect
associating the changes in the number of free charge carriers
with the change in the refractive index of the material, which
subsequently characterizes the material’s ability of dielectric switching. The transient changes in refractive index are reversible
up to a certain threshold, suggesting that the properties can be switched on the timescale of an optical period, enabling the
possibility of operating solid-state electronic devices at optical frequencies. The amount of irreversibly transferred energy into
the system is found to be much smaller than that of the state-of-the-art metal−oxide field-effect transistor, thereby making
phosphorene a promising candidate for high-speed electronics.

■ INTRODUCTION

Computing has become an indispensable tool of our lives. The
escalating complexity of tasks has led to the ever-increasing
demand for faster computation. This has resulted in a steady
progress in the transistor integration technologies. The
nanoscale lithography technique today allows several million
transistors per square millimeter.1 However, there are
fundamental limits to the computation, such as, Abbe
diffraction, interconnect capacitance, and heat dissipation,
which affect its speed.2 An altogether new approach of
computation is necessary to circumvent these limits.
Computation based on the photo-induced phenomenon,
such as manipulation of electronic and optical properties at
the nanoscale, can offer an alternative to the conventional
silicon-based electronics. The two-dimensional (2D) nanoscale
materials are the promising and emerging candidates, which
exhibit fascinating properties.
Two-dimensional (2D) materials have been at the forefront

of the active research in material science because of their
extraordinary properties and vast potential for technological
applications. After the discovery of graphene,3,4 several other
2D materials such as transition metal dichalcogenides (TMD)
and elemental quasi-2D sheets such as silicene,5 germanene,6

stanene,7 and phosphorene8 were synthesized. Phosphorene, a
stable 2D material and an allotrope of black phosphorus, shows
interesting properties such as high carrier mobility (104 cm2

V−1 s−1),9 ferroelasticity,10 non-trivial topology under strain,11

and layer-dependent direct band gap.12−14 The monolayer has
a direct band gap of 1.5 eV, and it varies with the number of
stacked layers, with optical absorption ranging from the
infrared to visible region. This high carrier mobility material
can also be used as a field effect transistor with a high on/off
ratio, suggesting applications in nanoelectronics.15 Because the
direct band gap of phosphorene falls in the mid-range of
graphene and TMDs, it is suitable for semiconducting and
optoelectronic device applications in the infrared and mid-
infrared part of the spectrum. Phosphorene also exhibits
interesting anisotropic nonlinear optical properties such as
higher harmonic generation (HHG) and has been used as a
saturable absorber and optical modulator.16−22 The non-
linearity of optics is manifested by changes in the optical
properties of the materials under the influence of increased
intensities of applied light fields. Several interesting nonlinear
phenomena such as HHG, above-threshold ionization, and
multiphoton absorption are exhibited by materials under the
influence of intense laser fields.23 Materials with such optical
nonlinearity find applications in optical communications and
optical computing systems.
The speed at which the information or signal can be

processed crucially depends on the frequency of electric

Received: May 1, 2018
Revised: July 26, 2018
Published: August 2, 2018

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2018, 122, 19146−19152

© 2018 American Chemical Society 19146 DOI: 10.1021/acs.jpcc.8b04134
J. Phys. Chem. C 2018, 122, 19146−19152

D
o
w

n
lo

ad
ed

 v
ia

 U
N

IV
 O

F
 C

A
L

IF
O

R
N

IA
 R

IV
E

R
S

ID
E

 o
n
 J

u
ly

 3
1
, 
2
0
1
9
 a

t 
1
6
:2

4
:1

2
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.8b04134
http://dx.doi.org/10.1021/acs.jpcc.8b04134


currents induced in that material. Therefore, it is imperative
that to increase the signal processing speed, the induced
currents should have very high frequencies. Such currents in a
material can be induced using high-intensity laser pulses of
ultrashort time durations. Several bulk materials such as
crystalline silicon, carbon chains, diamonds, CaB6, and so forth
were investigated for these peculiar nonlinear optical proper-
ties.24−29 In the crystalline silicon and quartz, it was shown that
these materials could be transformed into highly conducting
metals for a very short time because of induced
currents.24,25,30−32 For example, Schiffrin et al. demonstrated
that the ac conductivity of fused silica reversibly increases by
18 orders of magnitude within 1 fs.33 The attosecond dynamics
in silica reveals that it can be used as an alternative material for
fast switching electronics.33−35 A laser shape-dependent
electron excitation in CaB6 was studied by Jiao et al.26 A
linear carbon chain with odd and even number of atoms show
different trends in induced currents with the application of
femtosecond laser.28 In 2D materials, such as phosphorene and
MoS2, the laser-induced electron dynamics and ultrafast
photonics has been studied.36,37 Phosphorene shows remark-
able nonlinear saturable absorption useful in the generation of
ultrashort pulses mainly because of high nonlinear refractive
index.16−22 Recently, the possibility of using phosphorene as
ultrafast optical switches have been discussed. Uddin et al.
found that after depositing phosphorene layer on the optically
active medium, phosphorene can switch optical signals with
modulation frequencies up to 20 GHz.17 While Su et al.
computed the transient optical absorption of phosphorene
under the influence of femtosecond lasers.38 The switching
speed depends on the time taken to switch on and off the
induced photocurrent. The necessary criteria for achieving
these ultrafast transitions require less dissipation of energy in
the material per unit cycle of switching, which is indirectly
related to the time-derivative of nonlinear instantaneous dipole
moments in the material. However, calculating the nonlinear
optical response of a material to intense laser fields is
computationally demanding.
For low-intensity lights, the response of a material to the

applied electromagnetic field is linear, characterized by linear
susceptibilities. However, this linear relationship does not hold
good for electromagnetic fields with very high intensities (or
typical electric fields of few V per Å).39,40 For such high
intensities, perturbative treatment becomes inadequate because
susceptibilities themselves become intensity-dependent, and
the time-dependent charge density cannot simply be Taylor-
expanded at the ground state value. Several schemes such as
Floquet theory, classical trajectories, dressed states, and direct
numerical integration of time-dependent dressed Schrödinger
equation have been developed to model the nonperturbative
regime.24,25,41 For the first principles description of such
interactions of electromagnetic fields with the material, the
Schrödinger equation with additional vector potential term
needs to be solved. The theoretical treatment involves
computation of microscopic field-induced current and the
nonlinear polarization PNL in the system.
The manipulation of electronic and optical properties of a

given material crucially depends on the microscopic nonlinear
polarization PNL. The amount of energy transferred from the
incident laser to the material per unit volume can be expressed
as

∫= ′
′

′ ′
−∞

W t E t
t
P t t( ) ( )

d

d
( )d

t

NL (1)

This quantity, also known as dissipation, is one of the major
limitations to the speed of state-of-the-art electronics, as this
cannot be reduced beyond a certain value. For example, the
power consumption in a complementary metal−oxide−semi-
conductor (CMOS) circuit is given by42

= →P C V fdyn l dd
2
0 1 (2)

where f 0→1 denotes the frequency of energy-consuming
transitions, Vdd is drain voltage, and Cl is gate capacitance.
Hence, the power dissipation is directly proportional to the
switching frequency. If the dissipation is reduced, the
frequency can be increased by the same factor.
There are two components of the energy transferred to the

material: Wrev and Wirrev, which relate to the reversible and
irreversible energy exchange between the electromagnetic field
and the material per unit volume, respectively. In ideal
situations, the ratio of Wrev to Wirrev should be as large as
possible for an efficient signal processing. This demands a
microscopic insight into the light−matter energy exchange at
optical frequencies and access to the W(t) on electronic
timescales.
Here, we present the effect of the application of ultrafast and

intense femtosecond laser to phosphorene (cf. Figure 1),

leading to an interesting optical switching phenomenon for
faster electronics, using time-dependent density functional
theory (TDDFT). We observe changes in the properties of
phosphorene (such as in the number of excited valence
electrons, dielectric constant, and amount of irreversible energy
pumped in) at the sub-femtosecond timescales and relate them
to its ability to be used as a dielectric switch. We show that
under various conditions phosphorene can exhibit superior
switching with very less dissipation of energy.

■ THEORETICAL METHODS

TDDFT has become an indispensable, state-of-the-art
approach for describing time-dependent phenomenon on the
electronic timescales. We used TDDFT for the simulation of
electron dynamics under the external time-varying intense laser
field. For an N-electron system, a set of Kohn−Sham orbitals
ψiσ(r,⃗t) satisfy the following time-dependent Kohn−Sham
equation

Figure 1. Schematic illustration of the laser−matter interaction. Laser
fields of linear polarization and two different carrier frequencies have
been used to study nonlinear electron dynamics in the phosphorene.
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where Hks(r,⃗t) is the TDKS Hamiltonian with the following
form
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in which Vion(r,⃗t) is the electron−ion interaction potential and
Vxc(r,⃗t) is the exchange−correlation potential. A⃗tot(t) is the
time-dependent vector potential, which is given as A⃗tot(t) =
A⃗ex(t) + A⃗ind(t), where A⃗ex(t) and A⃗ind(t) are the external and
induced vector potentials, respectively. The external laser field
is obtained from a relation E⃗Laser(t) = −dA⃗ex(t)/dt. The third
term in the eq 4 is the Hartree term for the interaction
between electrons, with time-dependent charge density given
by

∑ ψρ ⃗ = | ⃗ |r t r t( , ) ( , )
i

i
2

(5)

In this work, we have taken the external electric field as an
enveloped wave-train pulse with its corresponding vector
potential having the following form,

ω
= ω ̂τ− −t

E
t eA ( ) e cos( )t t

zex
0 ( ) /20

2
0
2

(6)

where E0 is the amplitude of the time-dependent electric field
E(t) with laser carrier frequency ω and of 2τ0 duration. The
enveloped wave-train pulse allows reducing the total simulation
time as the electric field becomes almost zero at the end of the
envelope. The number of excited valence electrons nex(t) per
unit cell is given by

∑ δ ψ ψ= − |⟨ | ⟩|
′

′ ′n t t( ) ( (0) ( ) )
nn k

nn k n kex nk
2

(7)

where n and n′ are occupied Kohn−Sham orbital indices, k is a
Bloch wave vector, and δ is the Kroneker delta function.
The average induced current density as a function of time

J(⃗t) is given by23,43
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The last term in the above equation comes from the
nonlocality of the pseudopotential.
The TDDFT calculations were performed in the real-space,

real-time framework as implemented in the Octopus code.44,45

The interaction between valence electrons and ion cores is
described by the Hartwigsen−Goedecker−Hutter pseudopo-
tentials46 along with the Tran−Blaha (TB09) meta-generalized
gradient approximation for the exchange functional. In the
time-evolution of Kohn−Sham states, approximated enforced
time-reversal symmetry propagators were used. The ions had
fixed positions throughout the simulations. The orbital wave
functions are represented on a three-dimensional real-space
grid, with 0.16 Å spacing. The k-grid employed was 8 × 8 × 1.
The total simulation time taken was 1240 atomic units (≈30
fs) with a step of 0.015 a.u.

■ RESULTS AND DISCUSSION

The applied electric field has different effects on the material
depending upon its frequency and intensity. Hence, for
comparison, we first studied the linear effect, in which a very
low-intensity pulsed laser interacts with phosphorene. In this
case, a Gaussian enveloped cosinusoidal pulsed laser is used.
The reference pulse has such a low intensity (109 W/cm2) that
negligible nonlinear effects are present. Subsequently, strong
linearly polarized laser fields with different intensities of the
order of 1012 W/cm2 with the wave vectors perpendicular to
the phosphorene sheet are applied. The variation of a number
of excited valence electrons per unit cell (nex) in the system
with the propagation time of the applied intense linearly
polarized laser pulse of 1.16 eV carrier frequency is shown in
Figure 2. The population of occupied bands and hence nex

changes in sync with the applied laser field. The reference field
is weak enough not to excite any electrons from the valence
bands. Even though the laser intensities of the order of 1012

W/cm2 are applied, the nex reaches its original value at the end
of the laser pulse. Hence, no multiphoton absorption is taking
place at these intensities.
Because of interaction of laser field with the material, the

total energy of the system changes with time. Figure 3a,b
shows the corresponding changes in the total energy of the
unit cell with lasers of various intensities for two laser
frequencies. When the laser frequency is less than the band gap
(1.19 eV at TB09 level) of the material, the amount of pumped
energy increases up to the pulse peak and starts decreasing on
the trailing part of the pulse. This is because, with increasing
intensity, the laser field does more work to displace excited
electrons from their field-free positions. The material regains
the original energy value at the end of the pulse, irrespective of
the laser intensity employed here. Hence, the energy transfer
from the laser field to the material is completely reversible.
However, when the laser frequency is set higher than the band
gap of the material, the total energy of the system saturates to a
value higher than the value it started with. This energy
difference can be termed as the irreversible amount of energy
Wirrev pumped into the system, while the difference between
the highest peak and the saturation value gives the reversible
energy Wrev. As the name suggests, the irreversible energy is
lost in the system, and its dissipation can only be tracked if we
couple the electronic system with Maxwell’s equations. For
electronic device applications, apart from other factors, the

Figure 2. Number of excited valence electrons per unit cell in
phosphorene in response to a linearly polarized laser with 1.16 eV
carrier frequency and various intensities.
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ratio of Wrev/Wirrev should be as high as possible to limit the
amount of heat loss in the system. Some high-frequency
oscillations at the end of the pulse (cf. Figure 3a) are due to
numerical artifacts.
The electric field of the laser induces the current (cf. eq 8) in

the system. The variation of this induced current with time for
various intensities of the laser is shown in Figure 4a. The
induced current increases with the intensity of the laser field
and gradually reaches zero at the end of the laser pulse.

However, the induced current is slightly phase-shifted (on sub-
femtosecond timescale) compared to the low-intensity
reference laser field as shown in Figure 4b. The nonlinear
phase shift ΔϕNL(t) increases with the applied field amplitude,
however gradually saturates. For a given laser intensity, it rises
toward the peak of the pulse and vanishes when laser pulse has
been switched off. This phase shift is primarily observed
because of the transient change in the refractive index because
of increased charge carriers induced by the intense laser

Figure 3. Change in the total energy of phosphorene unit cell induced due to a few-cycle linearly polarized femtosecond laser of (a) 1.16 eV (less
than the band gap) and (b) 1.64 eV (greater than the band gap) energy for various intensities. The total energy change varies in synchronization
with the leading part of the laser pulse, following the pattern of the population of excited states, but has higher saturation energy values for the laser
with energy higher than the band gap of the material. The amount of irreversible energy (Wirrev) deposited into the sample is the difference of the
total energy at the end of the driving field and at the beginning, while reversible energy (Wrev) is the difference between the highest total energy and
the saturated total energy at the end of the laser.

Figure 4. (a) Few-cycle laser pulse with various high intensities induces a microscopic current, which is phase-shifted in comparison to the
reference low-intensity laser field as a result of a nonlinear light-matter interaction. A transient positive phase-shift due to a 1.16 eV linearly
polarized laser is observed with increasing intensities primarily due to the change in the refractive index of the material as is observed in the optical
Kerr effect. (b) Zoomed portion shows maximum shifts regime. (c) Variation of maximum nonlinear phase shift induced due to the linearly
polarized laser with 1.16 eV laser frequency for various intensities.
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fields.40 The nonlinear phase shift varies approximately linearly
with the intensity of the linearly polarized laser as shown in
Figure 4c, indicating that the field intensities are below the
dielectric breakdown thresholds.
For laser fields with the frequency higher than the band gap

(i.e., 1.65 eV), the induced currents as well as the nonlinear
phase shifts exhibit significant enhancement, as shown in
Figure 5a,b. This is expected because the refractive index of the
material depends on the light frequency as well as the intensity,
so is the change in the above-mentioned phase shift. This shift
is still at the sub-femtosecond level. In the case of a higher laser
frequency also, the nonlinear phase shift varies linearly with the
applied field’s intensity, indicating that the laser intensities are
within the limit of optical damage threshold. The magnitude of
the nonlinear phase shifts are higher compared to the laser
frequencies less than the band gap of the material, implying a
dominant optical Kerr effect.
The amount of irreversible energy pumped into the system

is related to the number of valence electrons excited into the
conduction band, given by a relation

≈ ΔN W /exc irrev g (9)

where Δg is the band gap of the material and Wirrev is the
energy dissipated per unit cell.24 Therefore, for a linearly
polarized laser with 1.65 eV frequency has around 0.0065 eV
pumped in for 8 × 1012 W/cm2

field, giving approximately Nexc

= 0.0054NVB, with NVB being the number of valence electrons.
This seemingly small amount of carriers, which is detectable
with such a precision using this sub-femtosecond spectroscopy,
is responsible for changing the dielectric constant of the
material, rendering the material to be used as an ultrafast signal

processor. The relation between the change in the refractive
index of the material and the number of excited electrons is
given as

ω ω
Δ = −

ϵ *
n

e n

m n2 ( )

2
e

0 e
2

(10)

where ϵ0 is the vacuum permittivity, ne is the excited electrons
density, ω is the corresponding plasma frequency, and n(ω) is
the frequency-dependent refractive index. The leading edge of
the laser field pulse supplies the energy flow into the system
and is returned to the driving field on the trailing edge, usually
accompanied by a temporal shift in the pulse peak at the sub-
femtosecond timescale. This phase shift is a manifestation of
reversible energy transfer between the fields and matter.40 This
field-induced change in the phase of the pulse is linked to the
change in the refractive index of the material. For the above-
mentioned case, the irreversible energy density turns out to be
1.1 × 108 eV/μm3, to be compared with the 109 eV/μm3 of the
state-of-the-art metal−oxide−semiconductor field-effect tran-
sistor operating at 9 GHz of current age digital electronics.24

The speed limiting factors in the CMOS circuits are mainly
heat dissipation and gate delays. However, the former becomes
a bottleneck much before the latter kicks in. Hence, achieving
the on/off operation with as small as possible dissipation gets
paramount importance. Achieving such a low dissipation in
CMOS circuits with very large scale integration poses many
challenges. This is one of the main reasons behind the CPU
clock speed remaining stagnant around 4 GHz for a very long
time.47 Our approach may help in devising an entirely different
setup of laser assisted electronics, where higher operating
frequencies can be easily achieved. The problem of band gap

Figure 5. (a) For a few-cycle laser with linear polarization with 1.65 eV carrier frequency, the transient shift in the electric field of the laser due to
the change in the refractive index of the material is shown. (b) Zoomed portion displays the maximum shifts regime. (c) Maximum nonlinear phase
shift induced due to the linearly polarized laser with 1.65 eV carrier frequency for various intensities.
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change by substrating the phosphorene can be circumvented
by a suitable choice of laser frequency and higher band gap
substrate.
In all these cases, the ultrafast nonlinear spectroscopy

enables us to study the complex nature of the dynamical
exchange of energy between the matter and laser fields. The
TDDFT simulations presented here give direct access to
microscopic physical quantities, such as photo-induced
currents, energy lost in the system, or current-induced changes
in the dielectric properties, which can be experimentally
verified. The change in the refractive index of the material Δn
is dependent on the Wrev while the dissipation during this
processing is governed by the Wirrev; both being important
quantities for efficient signal manipulation for the future
generation optoelectronic devices. The induced currents can
be switched on and off on the femtosecond timescales, at the
expense of a very little dissipation. This is to be contrasted to
the case of switching in field effect transistors, where energy is
dissipated by electron−hole recombinations, whereas in these
optical switching the almost all stored energy is returned to the
driving electric field. This fact can be utilized to overcome the
current speed limit of information processing in digital
electronics.

■ CONCLUSIONS

To summarize, in our real-time, real-space TDDFT simulation,
we study the nonlinear electron dynamics in phosphorene and
associate the induced nonlinear phase shift and the changes in
the number of free charge carriers with the change in the
refractive index. With a careful selection of laser field, the 100
GHz signal processing rate can be achieved with this material.
The sub-femtosecond nonlinear polarization exhibited by
phosphorene under the intense ultrafast laser fields paves a
way toward dielectric optical switching. This spectroscopy
enables access to the linear and nonlinear polarization in the
matter and provides insight into the dynamics of light−matter
interaction with the resolution of electronic timescales. In the
observed optical Kerr effect, the transient changes in refractive
index are reversible up to a certain threshold, suggesting that
the nonlinear properties can be changed or a switch can be
turned on or off on the timescale of an optical period, enabling
the possibility of operating future phosphorene-based elec-
tronic devices at the optical frequencies.
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