
Plasmonic control of nonlinear two-photon absorption in graphene nanocomposites

Joel D. Cox1, Mahi R. Singh1, Miguel A. Antón2, and Fernando Carreño2
1Department of Physics and Astronomy, The University of Western Ontario, London N6A 3K7, Canada and
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We investigate theoretically two-photon absorption in a quantum dot-graphene nanodisk
nanocomposite (hybrid) system. It is considered that an external laser field is applied to the
combined system which is resonant with the localized plasmons of the graphene nanodisk. The
external field also excites the quantum dot via two-photon absorption. This resonance condition
can be achieved by tuning the localized plasmon resonance frequency in the graphene nanodisk
via electrostatic gating. We show that when the quantum dot and graphene nanodisk are in close
proximity, the strong local field of the graphene plasmons can enhance and control nonlinear optical
processes in the quantum dot. Specifically, we show that two-photon absorption in the quantum dot
can be switched between single- or double-peaked spectra by changing the graphene-quantum dot
separation. Two-photon absorption and power absorption in the quantum dot can also be switched
on or off by changing the gate voltage applied to the graphene nanodisk. Our findings indicate
that the present system can be used for nonlinear optical applications such as all-optical switching,
biosensing and signal processing.

I. INTRODUCTION

Recently there has been interest in studying the
enhancement of optical nonlinearities in nanocompos-
ite systems which contain plasmonic (i.e. conduct-
ing) nanoparticles [1-11]. Typically in these types of
nanocomposites, nonlinear optical processes in molecules
or semiconductor nanoparticles are enhanced by the
strong local electromagnetic fields created by localized
surface plasmons in nearby noble metal nanoparticles
[1]. A number of recent experimental and theoretical
studies have demonstrated that nonlinear optical pro-
cesses such as two-photon absorption/luminescence [2-
4], second- [5, 6] and third-harmonic generation [7] in
semiconductor quantum dots can be enhanced by surface
plasmons in metal nanoparticles. Therefore, quantum
dot-metal nanoparticle hybrid systems can be used for
nonlinear optical applications such as all-optical switch-
ing, biosensing, and other types of signal processing [2].
Two-photon fluorescence from biological markers (dyes,
aptamers, etc.) enhanced by metal nanoparticles has also
been widely studied for applications in biological imaging
[8-10]. Zhang et al. [9], for example, demonstrated en-
ergy transfer between a commonly used molecular DNA
label and gold nanoparticles under two-photon excitation
using fluorescence lifetime imaging microscopy. They
showed that this energy transfer can be used to provide
detailed information in biological studies.

Graphene has also begun to attract a great deal of
attention in experimental and theoretical investigations
on nanocomposite systems. In several studies, graphene-
quantum dot nanocomposites were fabricated and res-
onant energy transfer was observed through the photo-
luminescence of the quantum dots, which was strongly
quenched in the presence of graphene [11-13]. Hybrid
graphene-quantum dot phototransistors have also been
fabricated recently, and were shown to exhibit ultrahigh
photodetection gain with high quantum efficiency [14].
In the field of plasmonics, graphene has been recognized

as a promising alternative to noble metals, as plasmons in
chemically or electrostatically doped graphene have been
shown to facilitate strong light-matter interactions and
can be easily tuned electrostatically [15, 16]. Strong cou-
pling between plasmons in nanostructured graphene with
a quantum emitter (i.e. quantum dot or molecule) has
been predicted in theoretical studies, which could lead
to the development of quantum plasmonic devices that
operate at the single-photon/plasmon level [17-19]. Re-
cently we have studied energy transfer in a quantum dot-
graphene nanocomposite embedded in a photonic crystal
[20].

The nonlinear optical properies of graphene-based
nanocomposites have also been investigated in several
experimental studies. For instance, Feng et al. [21] syn-
thesizied graphene nanosheets decorated with tiny CdS
quantum dots and observed nonlinear scattering and non-
linear absorption at two distinct excitation wavelengths.
Lee et al. [22] deposited gold nanocrystals of various
shapes on graphene oxide and examined the linear and
nonlinear optical properties of the graphene oxide-gold
nanocrystal composites. They observed a four-fold en-
hancement in the two-photon excitation emission inten-
sity of the graphene oxide-gold nanocomposite compared
to pure gold nanocrystals.

In the present paper we have developed a theory for
the enhancement and control of two-photon absorption in
a nanocomposite made by combining a doped graphene
nanoflake with a quantum dot. In this hybrid system,
the electrostatically tunable localized surface plasmons
in the graphene nanoflake generate a strong local elec-
tromagnetic field that enhances the nonlinear optical re-
sponse of the quantum dot. We show that the two-photon
absorption coefficient and power absorption in the quan-
tum dot can be controlled by changing the Fermi level
in the graphene nanoflake via electrostatic gating. This
effect can be used to manipulate two-photon absorption
and/or fluorescence from the quantum dot. Our find-
ings are also directly applicable to graphene nanocom-
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FIG. 1. (a) Schematic diagram of the quantum dot-graphene
nanodisk nanocomposite (hybrid) system. The graphene nan-
odisk lies on a dielectric substrate and a quantum dot is placed
directly above at a distance R from the nanodisk. The quan-
tum dot is embedded in a dielectric medium. A gate voltage
Vg is applied to the graphene nanodisk. (b) Energy level di-
agrams for the quantum dot and graphene nanodisk. The
external field excites surface plasmons in graphene and exci-
tons in the quantum dot via two-photon absorption.

posites made with other types of quantum emitters such
as molecules, dyes, etc. It is anticipated that the present
hybrid system can be used to fabricate nonlinear opti-
cal devices such as switches, biological sensors and signal
processors.

II. LOCAL FIELD ENHANCEMENT

In our model a semiconductor quantum dot is placed
above a graphene nanoflake lying in the x-y plane, where
the center-to-center distance between the nanoflake and
the dot is denoted as R. A schematic diagram of the
system is shown in Fig. 1a. Together the quantum dot
and graphene nanoflake form a nanocomposite or hybrid
system. It is considered that the graphene nanoflake
is deposited on a dielectric substrate with relative per-
mittivity εs, while the quantum dot is surrounded by a
background dielectric material with relative permittivity
εb. An external field E0 cos (ωt) is applied to the system,
which interacts with both the quantum dot and graphene
nanoflake.

In the graphene nanoflake the optical excitations are

localized surface plasmon polaritons, which have a reso-
nance frequency ωsp. When the frequency of the external
field lies near the surface plasmon resonance frequency
(i.e. ω ≈ ωsp), there is a strong excitation of surface
plasmons in the graphene nanoflake. These plasmons
create a dipole moment Pg in the nanoflake, which in
turn produces an enhanced local field at the location of
the quantum dot given as

Eg =
gkPg

4πεbε0R3
(1)

Here gk (k = x, y, z) is called the polarization param-
eter, with gx = gy = −1 when the applied field is in
the plane of the graphene nanoflake and gz = 2 when
the applied field is perpendicular to the nanoflake. To
calculate the polarization of the graphene nanoflake Pg
we use the quasistatic approximation, which allows us
to assume a spatially uniform but time-varying electric
field across the nanoflake. Note that this approximation
is only valid for nanoparticles with dimensions much less
than the wavelength of incident light [23]. An analytic
expression for Pg is obtained by modelling the graphene
nanoflake as a very flat and thin oblate spheroid with
semimajor axes dx = dy and semiminor axis dz, where
dx > dz. The in-plane polarization of the nanoflake for
an electric field applied in the plane of the nanoflake (x-y
plane) is then found as

Pg = εsbε0αx (ω)E0, (2)

αx (ω) = πd3x

[
σg(ω)

εsbε0ωdx

]
i

1 + 3π
16

[
σg(ω)

εsbε0ωdx

]
i

(3)

In the above expression, αx (ω) is the dipole polarizabil-
ity in the two-dimensional limit dx � dz [24], while the
quantity εsb = (εs + εb) /2 is the effective relative permit-
tivity of the medium surrounding the graphene nanoflake,
which accounts for the differing dielectric media on ei-
ther side of the nanoflake [25]. In Eq. (3), σg (ω) is the
in-plane conductivity of graphene and is obtained as [17]

σg (ω) =
e2EF
π~2

i

ω + iτ−1
(4)

+
e2

4~

[
θ (~ω − 2EF ) +

i

π
log

∣∣∣∣~ω − 2EF
~ω + 2EF

∣∣∣∣]
Here EF is the Fermi energy of the doped graphene
nanoflake and τ = µEF /ev

2
F is the intrinsic relaxation

time, where vF is the Fermi velocity and µ is the dc mo-
bility. At the surface plasmon resonance frequency ωsp,
the real part of the denominator in Eq. (3) becomes zero
and αx becomes large. Therefore, the local field from the
graphene nanoflake (Eg) is strongest when ω = ωsp.

In a number of experimental studies it has been shown
that the Fermi energy in graphene can be controlled via
electostatic gating, where the relationship between EF
and an external gate voltage Vg can be described using a
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simple capacitor model as [26, 27]

|EF | = ~vF
√
πCg |Vg + V0| (5)

In the above expression, Cg is a constant which depends
on the gate capacitance and V0 is the offset voltage caused
by natural doping. Hence, the Fermi energy can be con-
trolled by the external gate voltage. This means that
in the graphene nanoflake the polarizability αx (ω) and
surface plasmon resonance frequency ωsp, which depend
on the Fermi energy, can be tuned by varying the gate
voltage.

Since the quantum dot is near the graphene nanoflake
it interacts with both the external field and the local field
produced by the graphene nanoflake, both of which oscil-
late at frequency ω. The total electric field experienced
by the quantum dot is then given from

Eqd =
1

2εeff
(E0 + Eg) e

−iωt + c.c. (6)

where εeff = (2εb+εqd)/3εb, εqd being the dielectric con-
stant of the quantum dot. We treat the quantum dot as
a two-level system, where |1〉 and |2〉 are the ground and
excited states, respectively, and the resonant frequency
for the transtion |1〉 ↔ |2〉 is denoted by ω0. In this
paper we consider the case where the two-photon reso-
nance frequency of the quantum dot is twice the surface
plasmon resonance frequency of the graphene nanoflake,
i.e. ω0 = 2ωsp (see Fig. 1b). Due to the strong local
field from the graphene nanoflake, nonlinear two-photon
absorption occurs in the quantum dot when 2ω = ω0.
In our model, the quantum dot undergoes two-photon
excitation from the ground state |1〉 to excited state |2〉
through virtual transitions involving one or more inter-
mediate states |n〉 which are far from resonance with the
external field. In this case the polarization of the quan-
tum dot Pqd can be expressed as [28]

Pqd = (k11ρ11 + k22ρ22)

(
E0

εeff
+

Eg
εeff

)
(7)

+ 2k21

(
E0

εeff
+

Eg
εeff

)∗

ρ21

In the above expression, ρij (i, j = 1 or 2) are the two-
level density matrix elements which are obtained in the
following section of this paper, and kij are called the
two-photon coefficients and are given as

k21 =
1

~
∑
n

µ2nµn1
ωn1 − ω

(8)

kii =
2

~
∑
n

|µni|2 ωni
ω2
ni − ω2

Here ωni and µni and the transition frequencies and
dipole matrix elements, respectively, between states |n〉
and |i〉. The first and second terms in Eq. (7) repre-
sent the contributions to the polarization of the quantum

dot from the off-resonant dipoles (which depends on the
populations in states |1〉 and |2〉 given by ρii) and the
two-photon two-level coherence ρ21, respectively [28, 29].

III. DENSITY MATRIX FORMALISM

The density matrix elements appearing in Eq. (7) are
evaluated from their equations of motion obtained using
the master equation method [28, 30]. Using Eq. (6), the
two-level two-photon density matrix equations of motion
are obtained as

dρ22
dt

= −Γρ22 + iΩ0 (1 + Πg)
2
ρ12 (9)

− iΩ0

(
1 + Π∗

g

)2
ρ21

dρ12
dt

= − [γ − i (∆ + ∆S)] ρ12 (10)

+ iΩ0

(
1 + Π∗

g

)2
(ρ22 − ρ11)

where

∆S = βSΩ0 |1 + Πg|2 , (11)

Ω0 =
k21E

2
0

2~ε2eff
, Πg =

gxαx(ω)

4πR3
(12)

Here ∆ = 2ω − ω0 is the two-photon detuning param-
eter, Γ and γ are the relaxation and dephasing rates,
respectively, for the transition |1〉 ↔ |2〉, and βS =
(k11 − k22) / (2k21) [28]. The equations of motion for the
remaining density matrix elements are easily obtained
through the relations ρ11 + ρ22 = 1 and ρ12 = ρ∗21. In
the above expressions, the parameter Ω0 denotes the two-
photon Rabi frequency due to direct two-photon absorp-
tion in the quantum dot from the external field, while the
term Πg represents the local field enhancement factor due
to the plasmons excited in the graphene nanoflake. Fi-
nally, the parameter ∆S represents the dynamic Stark
shift which appears due to frequency shifts in the levels
|1〉 and |2〉 induced by virtual transitions to the interme-
diate level(s) |n〉 [28, 29]. The density matrix equations
of motion are solved under steady-state conditions to ob-
tain the elements ρij , which are used to calculate Pqd.

IV. TWO-PHOTON ABSORPTION

The quantum dot absorbs energy from the external
field and from the enhanced local field of the graphene
nanoflake through a two-photon absorption process. The
two-photon absorption coefficient of the quantum dot can
be obtained from Pqd as [28]

αTPA = Re

(
− iω

2εbε0cVqd

Pqd
Eqd

)
(13)

where Vqd is the volume of the quantum dot. Analytical
expressions for the density matrix elements ρij are ob-
tained in the steady-state and used in Eq. (7) to obtain
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the two-photon absorption coefficient of the quantum dot
as

αTPA =
ωk21

εbε0cVqd

γΓΩ0 |1 + Πg|2

Γ
[
γ2 + (∆ + ∆S)

2
]

+ 4γΩ2
0 |1 + Πg|4

(14)
Notice that the above expression depends on both the
external field (Ω0) and the local field produced by the
graphene nanoflake (Πg). The second term in the denom-
inator leads to a broadening of the absorption spectrum
that depends on the intensity of the external field through
Ω0. This broadening is referred to as power broaden-
ing in the literature [31]. However, the second term in
the denominator also depends on the local field from the
graphene nanoflake through the term Πg, which depends
on the graphene polarizability αx(ω) and the center-to-
center distance between the nanoflake and the quantum
dot R. This is an interesting effect which we call local
field broadening. We also note that the two-photon ab-
sorption coefficient is inversely related to Ω0 and Πg.

Following the method of Ref. [20] we also calculate the
power absorbed by the quantum dot via the two-photon
absorption process as

Wqd = ~ω0Γρ22 (15)

Using the steady-state solution for ρ22 we obtain

Wqd =
2~ω0ΓγΩ2

0 |1 + Πg|4

Γ
[
γ2 + (∆ + ∆S)

2
]

+ 4γΩ2
0 |1 + Πg|4

(16)

Note that the power absorbed by the quantum dot de-
pends on the population density ρ22 of the excited state
|2〉, which in turn depends on the local field enhancement
from the graphene nanoflake through Πg. This shows
that energy absorbed by the graphene nanoflake can be
transfered to the quantum dot. However, there is no
energy transfer from the quantum dot to the graphene
nanoflake because conservation of energy would not be
satisfied in this process (since ω0 6= ωsp).

V. RESULTS AND DISCUSSION

The graphene nanoflake has a radius of dx = 17 nm
and is deposited on a silica substrate (εs = 1.96). To
calculate the optical response of the graphene nanoflake
we use Cg = 2 × 1016 m−2V−1 and Vg + V0 = 36.6 V,
while vF = c/300 is the Fermi velocity and µ = 10000
cm2V−1s−1 is the dc mobility [17]. The background di-
electric material for the hybrid system is taken as GaAs
(εb = 10.95). Using the parameters given above, the
surface plasmon resonance frequency of the graphene
nanoflake is calculated using Eq. (3) as ωsp = 175 meV.
As a realistic example, we choose a p-type InAs/GaAs
self-assembled quantum dot (εqd = 11.84) as described
in Ref. [32]. For this quantum dot we take the en-
ergy difference for the transition from the ground state

|1〉 to the intermediate state |n〉 as ~ωn1 = 160 meV,
while the two-photon resonance frequency and relaxation
rate are ~ω0 = 350 meV and ~Γ = 200 µeV, respec-
tively [32]. Note that the p-type InAs/GaAs quantum
dot was chosen so that the resonance frequencies of the
graphene nanoflake and quantum dot satisfy the condi-
tion 2ωsp = ω0. The in-plane transition dipole moments
are obtained in Ref. [32] as µn1 = 0.11 e× nm and
µ2n = 0.21 e× nm. In the following simulations we con-
sider that the external driving field is polarized along the
x-axis and has an intensity of 750 kW/cm2.

We first study the effect of the separation distance be-
tween the quantum dot and graphene nanoflake on two-
photon processes in the quantum dot. In Fig. 2 we plot
the two-photon absorption coefficient (αTPA) as a func-
tion of the two-photon detuning ∆ for various values of
quantum dot-graphene nanoflake separation R.

In Fig. 2a we find that when the separation is larger
(i.e. R = 40 nm or higher) the absorption spectrum con-
sists of a single, narrow peak located at ∆ = 0. As R
is decreased to 30 and 15 nm (dashed and dash-dotted
curves, respectively), the absorption spectrum broadens
and the peak height decreases. This broadening is a re-
sult of the local field broadening as discussed in Eq. (14).
The asymmetry in the two-photon absorption spectrum
is a result of the dynamic two-photon Stark shift ∆S ,
which also depends on the local field enhancement factor
Πg and increases as R decreases (see Fig. 2a inset).

In Fig. 2b we show the two-photon absorption spec-
trum of the quantum dot when considering smaller values
of the graphene-quantum dot separation R. In this case
the absorption spectrum shifts from a single narrow peak
at R = 30 nm (solid curve) to two local field-broadened
peaks near ∆ = ±3 meV and a minimum at ∆ = 0 when
R = 15 nm (dash-dotted curve). The observed splitting
in the absorption spectrum is due to the local field en-
hancement term Πg in Eq. (14). This term depends on
the detuning of the external field from the plasmon reso-
nance in graphene through the polarizability αx(ω). The
local field enhancement term has a maximum at ∆ = 0,
where the external field is resonant with the plasmons in
graphene (i.e. ω = ωsp), and increases as R decreases
(see Fig. 2b inset). Therefore, for sufficiently small val-
ues of R, the local field from the graphene nanoflake
(Eg) is large enough to suppress two-photon absorption
in the quantum dot at frequencies near ∆ = 0. This
phenomenon is evident from Eq. (14), which shows that
αTPA tends to zero as |Πg| becomes very large.

The quantum dot power absorption spectrum given
from Eq. (16) is plotted in Fig. 3(a). We find that
for larger quantum dot-graphene separation values (i.e.
R = 40 nm) the power absorption spectrum has a single,
narrow peak. The width of the power absorption peak
drastically increases as R is decreased to R = 30 nm due
to the local field broadening as explained in Fig. 2a. The
height of the power absorption peak also increases as R is
decreased. A further decrease of the distance to R = 15
nm results in the emergence of a two-peaked structure
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FIG. 2. Two-photon absorption coefficient (αTPA) vs. two-
photon detuning (∆) for different values of the graphene-
quantum dot separation R. Here the gate voltage in graphene
is held fixed so that V0 + Vg = 36.6 V. (a) R = 40 nm (solid
curve), R = 35 nm (dashed curve), and R = 30 nm (dash-
dotted curve). (b) R = 30 nm (solid curve), R = 20 nm
(dashed curve) and R = 15 nm (dash-dotted curve). Inset:
Local field enhancement factor |Πg| as a function of ∆ for
R = 30 nm (solid curve), R = 20 nm (dashed curve), and
R = 15 nm (dash-dotted curve).

in the power absorption spectrum, and we observe two
maxima (points A and C) and a local minimum (point
B). This behavior arises from the competition between
the local field enhancement of the Rabi frequency and
the Stark shift which is also enhanced by the plasmon
interaction. In effect, let us consider the equation of mo-
tion of the density matrix (10): we can devise that the
effective Rabi frequency which drives the QD is given

by Ωeff ≡ Ω0

(
1 + Π∗

g

)2
, while the effective detuning is

given by ∆eff ≡ (∆ + ∆S). We should remind here that
∆S is a negative magnitude since Ω0 < 0, thus the sys-
tem will be close to resonance in the situation which min-
imizes ∆eff while keeping a value of Ωeff high enough
to drive efficientyly the QD from the ground level to the
upper level through the two-photon step. These two com-
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FIG. 3. (a) Power absorption in the quantum dot (Wqd)
vs. two-photon detuning (∆) for cases where the graphene-
quantum dot separation is R = 40 nm (solid curve), R = 30
nm (dashed curve), and R = 15 nm (dash-dotted curve). Here
we take V0 + Vg = 36.6 V. Inset: Stark shift parameter ∆S

as a function of R. (b) Effective Rabi frequency Ωeff nor-
malized to Γ0 vs. two-photon detuning (∆). (c) Effective
detuning ∆ + ∆S normalized to Γ0 vs. two-photon detuning
(∆). In (b) and (c) we use the same labels for the distances
considered in (a).
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peting effects produced by the plasmon interaction bal-
ance each other to produce the two maxima at points A
and C, while at point B the effect of the Stark shift ∆S

dominates, and it results in a reduced value of the power
transfer to the QD. This can be inferred by considering
the ∆-depencence of both magnitudes (Ωeff and ∆eff )
presented in panels (b) and (c) of Fig. 3. The global
maximum at point C is obtained when magnitude ∆eff

is minimum (see panel (c)) while the effective Rabi fre-
quency remains appreciable (see panel (b)). The amount
of power transferred at point A is obtained for a point
where the effective detuning reach a large value: in a
conventional two-level system this situation will result in
a negligible population of the upper-level. However, in
the current system the effective Rabi frequency is also
∆-dependent and exhibits a large enhancement which al-
lows for a large population of the upper level even in the
presence of such a large value of ∆eff at point A.

For the hybrid system we have considered, the value
of the graphene-quantum dot separation R can be con-
trolled by changing the thickness of the GaAs between
the graphene nanoflake and the quantum dot during fab-
rication. Once the system is fabricated, the separation
can be changed by applying stress and strain fields (i.e.
the hybrid system can serve as a pressure sensor). The
results we have presented here are also valid if the quan-
tum dot is replaced by a chemical or biological molecule
for which two-photon absorption occurs. In this case the
hybrid system can be used as a biological sensor, where
different molecules attached to the graphene nanoflake
will have different effective separations R. This system
can also be used as a thermal sensor by using a thermally
sensitive spacing material between the quantum emitter
and graphene. As the temperature increases the thermal
spacer will expand, thereby changing R.

We now investigate the effect of the gate voltage
in graphene on the two-photon processes in the quan-
tum dot. Recent studies have shown that plasmons in
graphene can be conveniently controlled using electro-
static gating [15-19]. By changing the gate voltage Vg
applied to the graphene nanoflake, one can change the
concentration of conducting electrons in the nanoflake.
This changes the Fermi energy in graphene through Eq.
(5), which in turn changes the plasmon resonance fre-
quency of the nanoflake through Eqs. (4) and (3). To
consider the effect of the gate voltage we replace Vg in
Eq. (5) by Vg + ∆Vg and vary ∆Vg. Note that here the
applied gate voltage does not alter the energy levels of
the quantum dot, but merely modifies the properties of
the graphene nanoflake.

The two-photon absorption coefficient of the quantum
dot is plotted in Fig. 4 as a function of the two-photon de-
tuning for various values of ∆Vg. Here we have taken the
graphene-quantum dot separation as R = 15 nm. The
solid curve in Fig. 3a corresponds to the dash-dotted
curve in Fig. 2b, where ∆Vg = 0 and a minimum ap-
pears at ∆ = 0. By increasing the gate voltage such
that ∆Vg = 1.0 and 2.0 V (see dashed and dash-dotted

FIG. 4. Two-photon absorption coefficient (αTPA) vs. two-
photon detuning (∆) for cases where ∆Vg = 0 (solid curve),
∆Vg = 1.0 V (dashed curve), and ∆Vg = 2.0 V (dash-dotted
curve). Here we have maintained Vg+V0 = 36.6 V and R = 15
nm. Inset: Local field enhancement factor (Πg) as a func-
tion of the two-photon detuning when ∆Vg = 0 (solid curve),
∆Vg = 1.0 V (dashed curve), and ∆Vg = 2.0 V (dash-dotted
curve).

curves, respectively, in Fig. 4) we find that the minimum
in the absorption spectrum shifts towards positive de-
tunings. This occurs due to the shift in the plasmon
resonance frequency of the graphene nanoflake, which
changes from ωsp = 175 meV to ωgsp = ωsp + 1.24 meV
and ωgsp = ωsp+2.41 meV when ∆Vg = 1.0 and 2.0 V, re-
spectively. The change in the plasmon frequency changes
the frequency at which |Πg| has its maximum value (see
Fig. 4 inset). It is also worth pointing out that the local
field enhancement factor decreases substatially at ∆ = 0
as the gate voltage changes from ∆Vg = 0 to ∆Vg = 2.0 V
(i.e. the peak in |Πg| is shifted away from ∆ = 0). When
the gate voltage is increased the enhancement factor has
a very small value at ∆ = 0 and the two-photon absorp-
tion coefficient switches from a minimum to a maximum
value.

From the above discussion we conclude that the min-
imum in the two-photon absorption spectrum can be
shifted by changing the applied gate voltage. The sec-
ondary peaks in the absorption spectrum at higher de-
tunings (i.e. at ∆ ≈ 5 meV when ∆Vg = 1.0 V or at
∆ ≈ 7 meV when ∆Vg = 2.0 V) are weaker because
the external field is significantly detuned from the two-
photon resonance of the quantum dot. By applying the
external gate voltage to the hybrid system, these sec-
ondary absorption peaks can also be switched from high
to low values.

Finally in Fig. 5 we have plotted the two-photon power
absorption spectrum when R = 25 nm for cases where
∆Vg = 0, 1.5 and 3.0 V (see solid, dashed and dash-
dotted curves, respectively). Note that the peak in the
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FIG. 5. Power absorption in the quantum dot (Wqd) vs. two-
photon detuning (∆) when the gate voltage in graphene is
changed so that ∆Vg = 0 (solid curve), ∆Vg = 1.5 V (dashed
curve), and ∆Vg = 3.0 V (dash-dotted curve). Here we keep
V0 + Vg = 36.6 V and R = 25 nm.

power absorption spectrum shifts away from ∆ = 0 to-
wards positive detuning as the gate voltage is increased.
This means that at ∆ = 0 the power absorption switches
from high to very low values as ∆Vg is increased only
slightly. This result is again due to the change in the
plasmon resonance of the graphene nanoflake as the gate
voltage is increased. As the plasmon resonance is shifted
to new frequencies, the local field enhancement factor Πg

is shifted accordingly (see Fig. 4 inset). The peak in the
power absorption spectrum corresponds to the location
of the maximum in |Πg| (i.e. the new plasmon resonance
ωgsp).

Now we resort to analyze how the size of the nan-
odisk influences the power transfer to the QD. This
question is pertinent in view of the fact that the plas-
mon resonance can be roughly stimated to be given by
ωsp =

√
3e2EF /16~2εsbε0dx. This condition points out

explicitely such dependence on dx. In order to analyze
the effect of the graphene flake size on Wqd, we carried
out numerical simulations by slightly changing the value
of dx around the original value of 17 nm while keeping
fixed the intensity of the driving field (I0 = 750 kW/cm2)
and the value of R = 15 nm. The results are depicted in
Figure 6(a) for dx = 16 nm and dx = 18 nm.

In the case of the largest value (dx = 18 nm, dashed-
dotted line) the power transferred to the QD exhibit a
two-peaked structure: one of the peak is located close to
∆ = 0 whereas the other shifts to the negative detuning
region. For this size of the nanodisk, the new plasmon
resonance ωsp falls downward to 170.8 meV, which in
turn results in a shift of the resonance for the local field
enhancement factor Πg to the negative detuning region.
In the case of the shortest value considered in in panel (a)
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FIG. 6. (a) Power absorption in the quantum dot (Wqd)
vs. two-photon detuning (∆) for cases where the size of the
graphene nanodisk is dx = 16 nm (solid line) and dx = 18 nm
(dashed-dotted line). (b) Effective Rabi frequency Ωeff nor-
malized to Γ0 vs. two-photon detuning (∆) for the case with
dx = 16 nm. Inset: effective detuning ∆ + ∆S normalized to
Γ0 vs. two-photon detuning (∆). Other values are R = 15
nm and the rest of parameters as in Figure 3.

(dx = 16 nm, solid line), the power transferred to the QD
exhibit a three-peaked structure: we recover a peak close
to ∆ = 0 (point A) and two outer maxima (points B and
D) with similar height and a local minimum (point C) is
obtained between these two maxima. For this particular
size of the nanodisk, the new plasmon resonance ωsp rises
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upward to 181.1 meV, which in turn results in a shift of
the resonance for the local field enhancement factor Πg

to the positive detuning region. The split of the expected
maximum into two maxima (points B and D in Fig. 6(a))
arises again from the competition between the dynamical
Stark shift and the local field enhancement of the Rabi
frequency, in a similar way to the results obtained for the
dashed-dotte line in Fig. 3(a). This can be further con-
firmed by inspecting panel (b) of Figure 6 which depicts
the effective Rabi frequency and the effective detuning:
the Stark shift at poinst C is the maximum (see the in-
set Figure 6(b)), and simultaneously, the enhancement
of the Rabi frequency achieves the maximum. Thus, at
point C the Stark shift dominates over the enhancement
of Rabi frequency, whereas at points B and D the latter
dominates and produces the maxima.

VI. CONCLUSIONS

We have theoretically investigated two-photon absorp-
tion in a quantum dot-graphene nanoflake nanocompos-
ite system. It is found that when the frequency of the
external laser field coincides with the plasmon resonance
of the graphene nanoflake, a strong local field is generated
by the plasmons in the nanoflake. When the quantum dot
is near the nanoflake, the local field from graphene causes
a broadening of the two-photon absorption spectrum. As

the quantum dot is brought very close to the nanoflake,
the spectrum of two-photon absorption splits from a sin-
gle peak to two peaks. It is also found that power ab-
sorption in the quantum dot is enhanced by the local field
from the graphene nanoflake. We have also shown that
for this nanocomposite system the two-photon absorption
process in the quantum dot can be further manipulated
by changing the Fermi energy in the graphene nanoflake
via electrostatic gating. Our findings indicate that two-
photon absorption and power absorption in the quantum
dot can be switched on or off by changing the gate volt-
age across the graphene nanoflake. These results suggest
that the quantum dot-graphene nanoflake hybrid system
can be used for nonlinear optical applications such as
all-optical switching, biosensing and signal processing.
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