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Nonlinear optical absorption of light by materials is weak due to its perturbative nature, although a strong
nonlinear response is of crucial importance to applications in optical limiting and switching. Here we
demonstrate experimentally and theoretically an extremely efficient scheme of excited-state absorption by
charge transfer between donor and acceptor materials as a method to enhance the nonlinear absorption by orders
of magnitude. With this idea, we demonstrate a strong excited-state absorption (ESA) in reduced graphene
oxide that otherwise shows an increased transparency at high fluence and enhancement of ESA by one order of
magnitude in graphene oxide by attaching gold nanoparticles (Au NP) in the tandem configuration that acts as
an efficient charge-transfer pair when excited at the plasmonic wavelength. To explain the unprecedented
enhancement, we develop a five-level rate-equation model based on the charge transfer between the two
materials and numerically simulate the results. To understand the correlation of interfacial charge transfer with
the concentration and type of the functional ligands attached to the graphene oxide sheet, we investigate the
Au-NP—graphene oxide interface with various possible ligand configurations from first-principles calcu-
lations. By using the strong ESA of our hybrid materials, we fabricate liquid cell-based high-performance

optical limiters with important device parameters better than that of the benchmark optical limiters.
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I. INTRODUCTION

Strong nonlinear optical absorption of photons by
materials is a long-standing goal of both fundamental
and technological interest, for instance, critical for optical
limiting and switching applications [1—4]. The ideal mate-
rials for optical-limiting applications must have high trans-
mission at low ambient intensity, reduced transmission at
high intensity, and a large dynamic range at which the
device damages (irreversibly). Optical-limiting activity has
been observed in crystalline and amorphous materials
ranging from bulk, thin films, monolayers, and quantum
dots [1,3,5-9]. Typical examples are graphene oxide (GO),
transition metal dichalcogenides, porphyrin, amorphous
chalcogenide thin films, plasmonic materials, etc. [1,3,5—
11]. The primary nonlinear absorption processes that are
used for optical limiting are multiphoton and excited-state
absorptions (ESA) [1-4,12-16]. In multiphoton absorption,
the material simultaneously absorbs more than one photon
since there is no real resonant single-photon absorption state
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[15,16]. This makes the process sensitive to high intensity.
On the other hand, ESA is a two-step two-photon absorption
process in which the material first absorbs a photon and
makes the transition to the allowed resonant single-photon
state and in the second step, another photon is absorbed to
make the transition to the next allowed single-photon state
[13,16]. This step-by-step absorption of two photons through
real states occurs in materials only when the excited-state
absorption cross section is more than the ground state [16].
Typical examples of materials that show ESA are carbon-
based materials such as fullerenes, phthalocyanine com-
plexes, reduced graphene oxide (RGO), graphene oxide
(GO), etc. [1,10,13]. Among these, RGO(GO), a thin layer
of graphite that contains nonuniform oxygen-containing
functional groups is significant because it can surpass the
zero-band-gap limitation of graphene [3,12,17,18].

An ESA of RGO(GO) is characterized by the presence of
o states from s p3-bonded carbons with oxygen [12,18] that
disrupts 7z states from the sp?> carbon sites [12,18].
Enhancing the ESA of RGO(GO) nanosheets is of great
importance to accomplishing stronger and efficient light-
matter interactions for applications such as all-optical
deterministic quantum logic and limiting at the nano-
scale. Many efforts have been made to improve the ESA
of RGO(GO) in the visible-to-IR region, for instance
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by modifying the electronic and chemical structure
through functionalization and doping [1,3,5-8,12-14].
Notwithstanding, the enhancements were minimal. Recent
studies have shown that attaching metal (Ag or Au) and
semiconducting (ZnO) nanoparticles onto GO can enhance
the ESA [19-23]. For example, Kalanoor et al. have
demonstrated ESA in Ag nanoparticle functionalized gra-
phene composite at a high peak intensity of 13 GW/cm?.
Notably, below 13 GW/cm? these composites show
only saturable absorption [23]. However, studies on Ag-
nanoparticle—GO nanocomposite revealed the enhance-
ment by as much as 2.8 times at a peak intensity of
0.2 GW/cm? [21]. Despite observing small enhancements
of ESA in Au- or Ag-GO nanocomposites, however, the
exact mechanism remains poorly defined. Further, the roles
of ligand concentration in controlling the ESA of GO
hybrids remain largely unexplored and need to be resolved.
Here, we demonstrate experimentally and theoretically an
extremely efficient scheme of ESA by charge transfer
between Au NP and RGO(GO) as a method to obtain
enhancementatlow intensities that are not sufficientenough
to significantly deplete the ground state of Au NP or RGO
(GO). Strikingly,in Au-NP—RGO hybrid structure, we find
a strong ESA coefficient ~64 + 4 ¢cm/GW at a moderate
peakintensity of0.16 GW /cm? thatisin stark contrast to the
saturable absorption of RGO and Au NP when excited at the
plasmonic wavelength. However, the enhancements are
much lower at other excitation wavelengths. This suggests
that the Au-NP—RGO hybrid structure experiences high
rates of charge transfer between them when excited at the
plasmonic wavelength. Further, we can also observe the
enhancement of the ESA coefficient by one order of
magnitude at 1.6 GW/cm?> in Au-NP—RGO(GO) for
plasmonic excitation. Remarkably, ESA coefficients of
the hybrids increase with the increase in oxygen functional
groups of GO. The unprecedented enhancements of the
ESA are numerically simulated by using the five-level
charge-transfer model. The charge transfer between the
materials is experimentally verified by using the ultrafast
pump-probe spectroscopy. Furthermore, the effects of
donor-acceptor interactions are analyzed at the Au-NP—
RGO(GO) interfaces by varying the functional ligand
concentration with the help of first-principles calculations.
Finally, we fabricate the liquid cell-based high-performance
optical limiter with important device parameters better than
that of the benchmark optical limiters.

II. SAMPLE PREPARATION AND PHYSICAL
CHARACTERIZATION

A. Synthesis of gold nanoparticles
on RGO(GO) nanosheets

We strategize the wet chemical synthesis based on the
dispersible template method for synthesizing Au-NP—
RGO(GO) colloidal solutions and the detailed procedure

Au NPs

(a) HAuCl, Sodium citrate
5.0 —) 0000
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FIG. 1. (a) Schematic representing synthesis of Au NP and
Au-NP—GO hybrid, (b) and (¢) SEM images of GO and
Au-NP—GO hybrid, respectively. The images reveal nanosheet-
like morphology of few-layer GO and formation of spherical
Au NP over GO nanosheet.

is outlined in Fig. 1(a). In our method, the Au NP is
synthesized in situ on the RGO(GO) surface by the standard
low-cost citrate reduction technique [see Supplemental
Material (SM) [24]] [25,26]. This procedure has advantages
of high throughput and the flexibility of obtaining nano-
structures with controllable size and morphology. The
oxygen concentrations name the samples used in the present
study as Au-NP—GO, Au-NP—RGO(400), and Au-NP—
RGO(1000), and the values inside the bracket show the
temperature at which GO is heat treated. The oxygen
percentages estimated from the CHN analysis are 61%,
33%, and 12% for Au-NP—GO, Au-NP—RGO(400), and
Au-NP—RGO(1000), respectively (Table S1 in SM [24]).

B. Morphological characterization and
Raman analysis of Au-NP—RGO(GO)

The powder x-ray diffraction (PXRD) pattern [27-29],
scanning electron microscope (SEM) images, and Raman
spectra reveal that the samples show excellent crystallinity
and the formation of spherical Au NP over RGO(GO)
sheets. Figure 1(b) shows SEM images of GO, which
confirms nanosheet morphology. Figure 1(c) shows the
SEM image of Au-NP—GO, which reveals that the
spherical Au NP are anchored over GO. The transmission-
electron-microscope image of the Au NP shown in
Fig. S1(a) of the SM [24] indicates that the size of the
nanoparticles is in the range of 25 £ 3 nm with an overall
spherical shape, together with a few larger particles of
nonspherical shapes. SEM images of all other samples used
in the present study are shown in Fig. S2 of the SM [24].
The LabRAM high-resolution Raman spectrometer with
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FIG. 2. Raman spectrum of (a) RGO(1000), RGO(400), and
GO and (b) Au-NP—RGO(1000), Au-NP—RGO(400), and
Au-NP—GO. Optical absorption spectrum of (c) RGO(1000),
RGO400), GO, and Au NP and (d) Au-NP—RGO(1000),
Au-NP—RGO(400), and Au-NP—GO. We assume that the
strong absorption background of GO and RGO hide the plasmon
absorption of Au NP, where the Au NP loading on RGO(GO) is
considerably less.

the excitation source at 633 nm from a He-Ne laser in the
confocal mode is used to record the Raman spectrum of the
samples. Figure 2(a) shows the characteristic D mode at
1326 cm™! and G mode at 1580 cm™! of GO, RGO(400),
and RGO(1000). The D mode originates from the edges,
defects, and disordered carbons, whereas the G mode is due
to the phonons of the sp?> C atom of the graphite lattice
[30,31]. Apart from the two prominent D and G modes, we
could also observe the weak 2D mode at 2645 cm™!. The
peak intensity ratio (I,/I;) of D and G modes depends on
the degree of disorder and the graphitization of carbona-
ceous material [30,31]. It can be seen from Fig. 2(a) that
Ip/1; of GO, RGO(400), and RGO(1000) are 1.10, 0.86,
and 0.83, respectively. Such an observation clearly indi-
cates the removal of the oxygen-functional groups by our
thermal exfoliation process, which is also supported by
CHN analysis (SM [24]). It is evident from Fig. 2(b) that
the hybrid samples also have the characteristic D, G,
and 2D modes at the same frequency of RGO(GO).
However, the Ip/I; ratios show a slight increase as
compared to RGO(GO), and the values are displayed in
Figs. 2(a) and 2(b). The increases in Ip/I; values of the
hybrids indicate the nucleation of Au NP on the surfaces of
RGO(GO) that introduce defects in the structure [30,31].

C. Linear optical response of Au-NP—RGO(GO)

To get a better understanding of the interaction between
Au NP and RGO(GO) domains in the hybrid, we first
record the optical absorption spectrum of Au NP, GO,

RGO(@400), and RGO(1000), as shown in Fig. 2(c). The
optical absorption spectrum of Au NP is similar to the
previous results that show the plasmon absorption band at
530 nm, which corresponds to the dipolar resonance
between the localized plasmon oscillations and the excitation
frequency [32]. In contrast, GO exhibit a broad absorption,
with two absorption peaks, one at 231 nm due to z-to-z*
transitions in aromatic C = C bonds and the other at 303 nm
from n-to-z* transition of carbonyl (C = O) group [8,30].
It can be seen in Fig. 2(c) that RGO(400) and RGO(1000)
have broad absorption from 200 to 1100 nm with the optical
band gap in the infrared region since oxygen-containing
groups forming the sp? matrix are converted into sp?
clusters, which are in agreement with the published reports
[8,30,31]. The optical absorption spectrum of Au-NP—
RGO(GO) shown in Fig. 2(d) is exactly similar to the
RGO(GO) presented in Fig. 2(c). However, the band
corresponding to the plasmonic effect of Au NP is absent.
We assume that the strong absorption background of
RGO(GO) hides the plasmon band since the Au NP loading
on RGO(GO) is less.

III. RESULTS AND DISCUSSION
A. Nonlinear optical response of Au-NP—RGO(GO)

A standard open-aperture Z-scan technique is used to
measure the nonlinear optical response of Au-NP—
RGO(GO) hybrid structures, which measures the total
transmittance as a function of incident laser intensity
[16,33,34]. The excitation wavelengths in our experiments
are at 1064 and 532 nm, 5-ns pulses from the fundamental
and second harmonics of the Nd: YAG laser. The repetition
rate of the laser is set at 10 Hz to provide enough time for
the system to relax after each pulse. The beam is focused
along the Z axis of a computer-controlled translation stage,
using a 200-mm focal-length lens. The Rayleigh length
(Zy) and the beam waist of our experiments are 3.2 mm
(1064 nm), 1.6 mm (532 nm) and approximately 32 ym
(1064 nm), 17 ym (532 nm), respectively. For Z-scan
measurements, we prepare the dispersions in the distilled
water, with a linear transmittance (7)) of ~70%.

Figure 3(a) shows the Z-scan peak shape of Au-NP—
RGO(1000), Au NP, and RGO(1000) at an on-axis peak
intensity (measured at the focal point) of 0.16 GW /cm? for
532 nm (plasmon wavelength) excitation. The normalized
transmittance of Au-NP—RGO(1000) shows unprec-
edented nonlinear absorption that is in stark contrast to
the saturable absorption of Au NP and RGO(1000). At this
moderate intensity, the pristine RGO(1000) and Au NP
show saturable absorption since the materials have resonant
single-photon absorption states and the peak intensity is not
sufficient to make the excited-state absorption cross section
more than the ground state. Therefore, we assume that the
unprecedented nonlinear absorption of the hybrid is due to
the ESA invoked by the charge transfer between the
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FIG. 3. (a)-(c) Normalized transmittance as a function of

position in open-aperture Z scan at 5-ns, 532-nm pulse excitation
at a peak intensity of 0.16 GW/cm?, for the samples indicated in
the panel. (d) Normalized transmittance as a function of input
intensity for Au-NP—GO at an input intensity of 1.6 GW /cm?.
(e),(f) Normalized transmittance as a function of position in open-
aperture Z scan at 5-ns, 1064-nm pulse excitation at a peak
intensity of 0.35 GW/cm?. It is evident from Figs. 3(e) and 3(f)
that distilled water has no nonlinear optical response. The solid
lines in the figure show the theoretical fitting.

individual components, which was verified later. The
Z-scan theory discussed in the SM [24] is used to fit the
data to derive the ESA coefficient (f) and saturation
intensity (/). From the best fit to the normalized trans-
mittance, we find the fs35 nn of Au-NP—RGO(1000) ~
64 +4 cm/GW. Next, we select the hybrid samples of
Au-NP—RGO(400) and Au-NP—GO, where RGO(400)
and GO show ESA. As can be seen in the Fig. 3(b)
and Table I, the fs3,m Of Au-NP—RGO(400) ~
112 £ 3 cm/GW, which is found to be ~6 times the
RGO(400). Likewise, fs535 ym 0of Au-NP—GO (130 +
6 cm/GW) is ~6 times GO [Fig. 3(c)]. Figure 3(d) shows
the normalized transmittance as the function of input
intensity at a peak intensity of 1.6 GW/cm? for 532-nm
pulse excitation. The nonlinear optical properties of the
samples are summarized in Table 1. To get more insight on
ESA of the Au-NP—RGO(GO) hybrid samples, we per-
form intensity-dependent Z-scan experiments. As expected
from the theory of ESA, f53, ,m Of the hybrids show strong
intensity dependence (see Table II). Strikingly, we can

TABLE I. Excited-state absorption coefficient (f) and satura-
tion intensity (/) calculated by fitting the experimental data with
equations shown in SM [24].

Ps32 nm P1o64 nm Lsa532 nm

Sample (cm/GW) (cm/GW)  (GW/cm?)
Au NP 0.05 +0.01
RGO(1000) e 39+5 0.06 +0.01
RGO(400) 13+2 46 + 4 e

GO 18+2 62+6
Au-NP—RGO(1000) 64 +4 34+ 4
Au-NP—RGO(400) 112+3 40+ 5

Au-NP—GO 130+ 6 59+6

observe enhancements of the ESA by as much as an
order of magnitude. For instance, enhancement in
Au-NP—RGO(GO) is 6 times at 0.16 GW/cm”> and
10 times at 1.6 GW/cm?. At this stage, we assume that
the strong ESA of Au-NP—RGO(GO) is due to the charge
transfer between Au NP and RGO(GO) that can be used as
a method to enhance the ESA even in materials that show
only saturable absorption at moderate intensities.

Before explaining the ESA of the hybrid, we carefully
analyze the results of Au NP and RGO(GO). The normal-
ized transmittance of Au NP shows saturable absorption
which arises from the depletion of the ground-state surface
plasmons since the rate of excitation is much faster than the
rate of relaxation to the ground state [35]. Saturable
absorption of RGO(1000) is ascribed to the Pauli blocking
since the excited state becomes almost occupied, and the
Pauli exclusion principle prevents further absorption [8].
Next, we analyze the normalized Z-scan peak shape of
RGO®400) and GO, which shows a decrease in trans-
mittance as a function of input intensity. This explains an
ESA channel introduced at high intensities that are con-
nected to the sp* hybrid states containing oxygen func-
tional groups [8].

TABLE II. Comparison of excited-state absorption coefficient
of Au-NP—RGO(GO) hybrid at different peak intensities for
532-nm excitation.

Ps532 nm (cm/GW)

0.16 0.78 1.60
Sample GW/cm?>  GW/cm?>  GW/cm?
Au-NP—RGO(1000) 64 +4 115+4 159+ 6
Au-NP—RGO(400) 112+3 155+5 184 +5
Au-NP—GO 130+ 6 162 +5 1876
RGO(1000) e 542 8§+ 1
RGO(400) 13 42 1442 16+ 2
GO 18£2 19+2 20+2
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B. Charge transfer between donor-acceptor materials

At this point, it is essential to confirm that the observed
enhancement in ESA is due to the synergistic effect of
charge transfer between Au NP and RGO(400)/GO. As the
first approximation, if RGO(400)/GO and Au NP inde-
pendently respond to the incoming light, then we should
expect a reduction in the ESA. For the range of intensities
when I < I, Eq. (S2) in the SM [24] can be approximated
by Taylor expansion to

a(I)zaO—k(ﬂ—%)I, (1)

N

where a(I) and «, are the intensity-dependent absorption
coefficient and linear absorption coefficient, respectively.
From Eq. (1) it can be seen that a(l) decreases with
the increase in intensity. However, in our experiment
[Figs. 3(a)-3(c)], we observe an increase in a(I) of the
hybrid. Therefore, we come to a logical conclusion that the
carriers excited in Au NP through linear absorption, which
leads to saturable absorption, should contribute to the ESA
in the hybrid.

To confirm the enhancement of ESA is due to charge
transfer, we perform the Z-scan experiment at 1064 nm,
which is far away from the resonant absorption of Au NP.
Excitation of the sample at this wavelength cannot promote
the electrons from the Fermi level of Au NP to RGO(GO).
In this scenario, it is expected that the ESA of the hybrid is
the same as that of RGO(GO) due to the absence of charge
transfer. Figures 3(e)-3(f) present the Z-scan traces of the
hybrid samples. As expected, we observe that the ESA of
Au-NP—RGO(GO) and RGO(GO) are nearly the same
within the error bars. These results certainly ascertain our
charge-transfer model and demonstrate that strong ESA can
be achieved when the hybrid architecture can potentially
facilitate light-induced charge transfer. Our results are
important in nonlinear optics, where we can customize
ESA and design hybrid materials for optical-limiting
applications.

C. Ultrafast time-resolved pump-probe
spectroscopy of Au-NP—GO hybrid

Most remarkably, our experimental findings suggest that
the enhancement of the ESA of the hybrid is primarily due
to charge transfer, and therefore to shed more light on this
mechanism, we perform broadband transient absorption
(TA). In this experiment, the samples are excited with
400-nm, 120-fs pulses of fluence 300 uJ/cm?, and the
change in absorption of the sample (AA = —(log[l /1))
is probed by ultrashort white-light pulses in the wavelength
range 450-650 nm. Here, I, and [, are the transmitted
intensities of the sequential probe pulses after a delay time 7
following excitation by the pump beam, and in the ground
state, respectively. Kinetic traces are obtained by varying
the path lengths of the probe beam using a micrometer

resolution translation stage and chirp corrected using the
procedure reported elsewhere [36]. To avoid the heating
effects, the sample is rotated continuously.

TA spectrum of Au-NP—RGO shows a spectrally flat
response which is not helpful in analyzing the charge
transfer. Figure 4(a) presents the TA spectrum of Au-NP—
GO, Au NP, and GO at a pump-probe delay of 1 ps. The TA
of Au NP and GO are dominated by bleach at the plasmon
resonance (530 nm) [37-39] and a broad ESA [8,40],
respectively. Detailed analysis of the spectra can be found
in the SM [24]. Strikingly, TA of the hybrid sample has a
different spectral shape and a distinct time-dependent
dynamics [Fig. 4(b)]. First, spectrum of the hybrid is not
a simple addition of Au NP and GO at any time within the
time scale of our experimental window. Second, the bleach
signal below 500 nm shows a redshift with the increase in
pump-probe delays. Both features encode information of
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FIG. 4. (a) Spectral evolution of TA spectra of GO, Au NP,
and Au-NP—GO hybrid at 1 ps. (b) TA spectra at selected
pump-probe delays of Au-NP—GO hybrid, as a function of
wavelength. (c) Temporal evolution of TA spectra of GO, Au NP,
and Au-NP—GO hybrid integrated over the region 525-540 nm,
TA spectra are faster in the case of hybrid compared to GO and
Au NP, indicates charge transfer through donor-acceptor intract-
ion. (d) Temporal evolution of TA spectra of GO, Au NP, and
Au-NP—GO hybrid at region 600-650 nm. (e) Schematic
diagram of charge transfer through donor-acceptor interaction
in a five-level model. Here, D; and D, stand for the ground and
excited levels, respectively, of the donor. Similarly, A;, A,, and A3
represent the ground, first excited, and second excited levels,
respectively, of the acceptor. (f) Shows numerically simulated
data which matches with the experimental result.
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the net charge transfer between Au NP and GO. In the next
step to extract the charge transfer, we plot the integrated
area of 525-540 nm of the plasmonic region (to remove the
effect of redshift) as a function of time, and the resulting
kinetic traces are shown in Figs. 4(c) and 4(d). It can be
seen from the figure that the TA of Au-NP—GO is faster
than Au NP and GO. To calculate the charge transfer,
we assume that the dynamics of TA in the plasmonic
region show a difference between the hybrid and Au NP,
then the rate of charge transfer (k) can be estimated as
1/7(au-Np—G0) — 1/T(aunp) [41,42]. Here, 7 is the average
lifetime of the decay (see in the SM [24]). By this method,
we find the value of k = (4.3 +£0.5) x 10" s=1.

D. Numerical simulations of five level rate equations
through charge transfer

After demonstrating the hallmark observation of the
unprecedented enhancement of the ESA due to charge
transfer, we develop the five-level rate-equation model
shown in Fig. 4(e) to simulate the results numerically. Here,
D; and D, stand for the ground and excited levels,
respectively, of the donor. Similarly, A;, A,, and A,
represent the ground, first excited, and second excited
levels, respectively, of the acceptor. In our model, upon
laser illumination, donor Au NP undergoes one-photon
absorption and transfers the excited electron to the first
excited state A, of the acceptor RGO(GO). From the first
excited state of the acceptor, it absorbs another photon to go
to the second excited state. Such a charge-transfer results in
the enhancement of ESA and can be represented by the
following coupled rate equations:

dNpi _ _ 060INp, +N02

dt hay Ts 2

di;ffz _ “”,fgfl —7eNp2 — NT—’;z (3)

d];ffl :_Glffa]\);Al—i_Nr—zz’ (4)
S R R LN
dNas _ 0gsINas _ Nas ) (6)

dt fl([)o 71

Here, I is incident laser intensity, and subscripts in N
(Np1s Npas Nays Naa, Ny3) represent the respective donor
(D) and acceptor (A) levels. The lifetimes 7; = 0.963 ps,
7, = 13.08 ps, and 7, = 5.17 ps are obtained from the TA.
Absorption cross sections calculated from the Z-scan data
[43,44] are listed in Table III. The charge transfer rate (y,.) is
estimated as (4.3 +£0.5) x 10'! s7! from the TA. The
solutions of Egs. (1)—(6) are obtained numerically by using

TABLE III. Ground-state (o, o;) and excited-state (ogg) ab-
sorption cross sections of Au-NP—RGO(GO) for 1 = 532 nm.
(XlO_lg sz) OES
Sample 6 oy (x10~'% cm?)
Au NP 8.0 e
RGO(1000) e 0.13 0.08
RGO(400) e 0.14 0.16
GO 0.15 0.19
Au-NP—RGO(1000) e 0.59 0.81
Au-NP—RGO(400) e 0.60 0.96
Au-NP—GO e 0.61 1.16

a Gaussian pulse in both the temporal and spatial domains.
The transmitted intensity through the sample is given by

% = [-0oNp1 —01Nay —oesNao)l(Z).  (7)

Figure 4(f) shows the numerically simulated normalized
transmitted intensity through the sample as a function of the
position. It can be seen from the figure that our numerical
simulations accurately reproduce the experimental results.
Therefore, we conclude that the enhancement of the ESA
of Au-NP—RGO(GO) is due to the synergistic charge
transfer between Au NP and RGO(GO) domains, which
can be consistently described by a five-level charge-transfer
model. Further, we endeavor to unravel the charge-transfer
mechanism at the Au-NP—RGO(GO) interface by scruti-
nizing their electronic structure.

E. Charge transfer between the Au-NP—RGO(GO)
interface from first principles

Although simulating the actual experimental structures
of RGO(GO) is extremely complicated, we adopt a simpler
scheme to extrapolate the experimental results. To perceive
the significance of functional groups in mediating the
interlayer coupling of Au-NP—GO, we construct five
control systems, viz., (1) graphene nanosheet (G), (2) G
with a single hydroxyl (OH) group (G-OH), (3) G with a
single carboxylic (COOH) group (G-COOH), (4) G with
both OH and COOH groups in lower concentration
[GO(ow)] and (5) G with both of these groups in higher
concentration [GO(high)]. Among these systems, GO(low)
and GO(high) are approximate representatives of RGO and
GO, respectively. All of these systems are investigated with
the help of ab initio density-functional-theory- (DFT) based
formalism using a plane-wave pseudopotential approach
with projector-augmented-wave potentials as implemented
in the Vienna ab initio simulation package (VASP) [45,46].
Tonic and lattice parameter optimization of the constructed
surface and interfaces are obtained by a conjugate gradient
algorithm until the Hellmann-Feynman forces on each ion

is less than 0.01 eV/ A. For self-consistent calculations and
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structure optimization, an energy cutoff of 500 eV is used
with a k-point mesh size 5 x 5 x 3 with an energy accuracy
of 0.0001 eV. The calculation of the electronic charge
densities for optimized structures, obtained from VASP
calculations, is carried out using the double-zeta plus
polarization basis set, as implemented in the ATK 15.1
package [47,48]. Electron correlation within the system
is treated using the Perdew-Burke-Ernzerhoff exchange-
correlation functional under spin-polarized generalized-
gradient approximation (GGA) for all calculations. To
account for the interface-induced dipolar interaction, we
have incorporate the van der Waal corrections by using the
Grimme DFT-D3 method [49]. The details of the theoreti-
cal calculation and the control systems (1)—(3) can be found
in the SM [24].

Figures 5(a)-5(c) show the atom-projected density
of states and orbital-projected density of states of
Au-graphene(G), Au-GO(low) and Au-GO(high) interfa-
ces. The observed general trend after comparing the DOS
of the control systems (1) to (5), as presented in SM [24],
and the corresponding interface with Au, indicates that the
originally semiconducting systems with varying band gap
turn into metallic ones after combining with the Au layer.
The only exception is the system (5), where in addition to
strong spin polarization, there is a very small band gap.
From Fig. 5(a), we can see that there is charge transfer from
the C 2p levels of the graphene sheet to Au 6s levels,
rendering a shift of the Fermi level of the combined system
(Er) towards the valence band by approximately 0.2 eV,
which implies a p-type doping of the G sheet. Similar is the
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FIG. 5. The atom-projected density of states (APDOS) of
(a) Au-G, (b) Au-GO(low), (c) Au-GO(high). All the DOS plots
are with respect to (E — E). The zero of energy axis is the Fermi
level. (d) One-dimensional and (e) three-dimensional charge
density projection of Au-G, Au-GO(low), Au-GO(high).

TABLE IV.  Shift in Fermi levels (Ey) in comparison to G sheet
(AEF»G) and GO (AEF—GO)'

System AEF-G AEF»GO
Graphene (G) e

GO(low) —0.33

GO(high) —0.82 e
Au-G -0.19 -0.19
Au-GO(low) —-0.29 +0.04
Au-GO(high) —0.15 +0.67

case with single ligands (G-OH and G-COOH), where the
charge transfer occurs from G-OH and G-COOH to Au,
with the shift of E; towards the valence band by approx-
imately 0.2 and 0.1 eV, respectively (SM [24]). However,
with an increasing ligand concentration, the Ey shifts
towards the conduction band by approximately 0.04 and
0.6 eV, respectively, in Au-GO(low) and Au-GO(high), as
in Figs. 5(b) and 5(c). At higher ligand concentration,
the structural distortion due to the sp’-sp’ conversion
brings the Au layer closer, leading to a charge transfer from
Au 6s (donor) to C 2p (acceptor) via the functional ligands,
amounting to n-type doping of the corresponding GO
sheet. The respective charge-density profile and the Z-
direction projection of the electronic charge density are
plotted in Figs. 5(d)-5(e). The first and the second peaks of
the Z-direction projection of the electronic charge densities
correspond to the GO(G) and the Au layer, respectively.
The increase of charge density at the intermediate region
and the shift of the peaks indicate the increasing charge
transfer with increasing ligand concentration. The quanti-
fied shift of E all control systems are listed in Table IV.
The presence of a higher concentration of ligands for
Au-GO(low) and Au-GO(high) introduces an asymmetry in
the charge transfer and thus are more spin polarized. Thus,
first-principles studies demonstrate the donor-acceptor
configurations and indicate the direction of charge transfer
in the Au-NP—RGO(GO) systems pointing out its depend-
ence on the concentration and type of functional ligands
attached to the GO sheet. For the Au-NP—GO interface
with different ligand concentrations, it is indeed possible to
modulate the interlayer coupling between the two layers
and thereby to control the structural distortion and charge
transfer.

F. Liquid-cell-based optical limiter

Clearly, the strong ESA presented here are very large;
however, their usefulness would be rather limited without
showing a device fabricated based on this idea. To do so,
we fabricate a liquid-based optical limiter and the sche-
matic of our device is shown in Fig. 6(a). It essentially
consists of a 1-mm path-length liquid cell, that contains the
aqueous solution of Au-NP—RGO(GO) as optical-limiting
media. We prepare the limiting medium in distilled water,
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FIG. 6. (a) Schematic of our liquid-based optical-limiting
device. It essentially consists of a 1-mm path-length liquid cell,
that contains aqueous solution of Au-NP—RGO(GO) acting as
optical limiting media. The concentration of the limiting medium
in the distilled water is 0.5 mg/ml, with linear transmittance
(T) ~ 70%. When the lower intensity beams falls in the linear and
safety region (green region), our device will allow the light to
pass through. However, above the threshold limit (red region), the
system will act as an optical limiter and attenuate the intense
beam. (b) Output intensity as a function of input intensity for
532-nm pulse excitation. The dashed and solid lines in the figure
show the linear transmittance (7') and the theoretical fitting,
respectively. (c) Normalized transmittance as a function of input
intensity.

with a linear transmittance (7)) of ~70%. The device is
tested using the Z-scan setup since the optical limiting
relies on the fact that the transmission decreases when the
input laser intensity is above a threshold. That means the
optical-limiting device is designed to keep the linear
transmittance below some specified maximum value of
input intensity and limit above a certain threshold intensity.
To evaluate the device performance, it is essential to
characterize the strength of optical limiting using onset
threshold F, (the input intensity at which normalized
transmittance starts to deviate from linearity), optical-
limiting threshold Fq; (the input intensity at which
normalized transmittance drops below 50%), and limiting
differential transmittance T’ (dl,,/dl;,) at high intensity.

To demonstrate the optical limiting of our device, we
measure the transmitted intensity (/) as a function of the
input intensity (/;,) of the laser beam. Figure 6(b) presents a
plot of output intensity versus input intensity of our device
measured for the 5-ns pulses of wavelength 532 nm up to a
peak intensity of 0.78 GW /cm?. Our measurements clearly
indicate that 7, through the device is linearly proportional
to I;, at a lower intensity. However, with increase in /;,, a
stage is reached where the [, is no longer linearly

TABLE V. Comparison of nonlinear optical parameters such as
Fon, For, and T of different optical limiters at 532 nm.

Lin F on F OL
System T (J/em?) (J/em?) T| References

Au-NP—GO 70 0.05 0.49 0.18 Present

work
Au-NP—RGO(400) 70 0.05 0.70 0.24 Present

work
Au-NP—RGO(1000) 70 0.06 1.09 0.28 Present

work
GO 70 0.19 1.19 - Ref. [50]
MoS, nanosheets 63.8 1.52 11.16 - Ref. [51]
Graphene 70 0.10 0.70 - Ref. [52]

nanoribbon

CdS nanoparticles 70 0.30 2.55 0.56 Ref. [53]
Pd nanowire 80 0.09 0.90 - Ref. [54]
Graphene thin film 73 0.01 0.08 0.05 Ref. [1]

proportional to [, i.e., the deviation of the curve from
the linear transmittance. To calculate F',, Fr , and T’C, we
show in Fig. 6(c) the normalized transmittance as a function
of the input intensity, and the estimated values are sum-
marized in Table V. Notably, an ideal optical limiter should
have very low F,, For, and T-. From Table V, it can be
seen that these important device parameters are better than
the benchmark optical limiters such as graphene oxide
nanosheets, MoS,, graphene nanoribbon, CdS nanopar-
ticle, and Pd nanowire [50-54] (Table V), which makes our
device an exceptionally good optical limiter. Further, the
advantage of our liquid-based optical limiter is that they
self-heal, permitting high dynamic ranges limited only by
damage to cell windows. In our device, the dynamic range
is estimated to be 120 GW/cm?.

IV. CONCLUSIONS

Experimental and theoretical results show our scheme
of ESA by efficient charge transfer of a donor-acceptor
material as a method to enhance the nonlinear absorption in
Au-NP—RGO(GO) hybrid materials. At this point, we
envision that our current work represents a process in
nonlinear optics that explores alternative avenues, ranging
from fundamental investigations to technology applica-
tions. For example, a fundamental perspective of our study
is that the charge transfer occurs from Au NP to GO at
higher ligand concentration, and the situation gets reversed
at low ligand concentration. The agreement between
experimental and theoretical results in our work provides
potential test beds for design guidelines to make hybrid
structures for enhancing, tuning, and modulating the non-
linear optical response. Additionally, we have fabricated
an optical-limiting device based on the liquid cell with
important device parameters.
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