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Flat and crystalline materials with exceptional nonlinear optical (NLO) properties are highly desirable for
their potential applications in integrated NLO photonic devices. Graphdiyne (GD), a new two-
dimensional (2D) carbon allotrope, has recently evoked burgeoning research attention by virtue of its
tunable bandgap along with a high carrier mobility and extended w-conjugation compared with most
conventional optical materials. Here, we experimentally probe the third-order nonlinear optical response
of GD dispersed in several common solvents (alcohols) using a femtosecond Z-scan technique. The

I;eDy Vl’:ll:zf‘:ials measured nonlinear optical refractive index is in the order of ~10~8 cm?/W, which is approximately one
Graphdiyne order of magnitude higher than that of most 2D materials. In particular, we find that different NLO

responses can be observed from GD when dispersed in different solvents, with the strongest NLO
response when dispersed in 1-propanol. It is proposed that some intrinsic properties of the solvents, such
as the polarity and viscosity, could influence the NLO response of GD materials. Our experimental results
confirm the assumptions on the NLO behavior in GD and demonstrate its great potential for future
generations of Kerr-effect-based NLO materials and devices.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Photonic data manipulation and processing promises a
significant reduction of energy dissipation and increase in speed,
all at extreme bandwidths [1]. However, the intrinsically small
light-matter interaction requires materials with strong (nonlinear)
optical responses to realize integrated on-chip photonic devices
[2-4]. Over the past decades, various materials have been
intensively explored for nonlinear optical applications [5-9]. 2D
materials have recently triggered a lot of interest because of their
fascinating electronic and optical properties [10-12], in association
with promising applications such as photovoltaics [13] and
optoelectronics [14,15]. For example, graphene, well-known for
its many unique properties [16,17], also displays broadband
optical-limiting properties, and was considered the most promis-
ing medium for optoelectronic devices [18,19]. However, the zero-
bandgap nature of graphene constrained its applications to some
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extent [20,21]. For the fabrication and integration of devices,
including optical modulators, transistors, and mode lockers, a
finite and rather tunable bandgap is necessary. Some other 2D-
materials like two-dimensional transition metal dichalcogenides
(TMDs) and black phosphorus (BP) appear to be more promising
for technology in that respect [10,11].

Graphdiyne, a new 2D carbon allotrope comprising sp- and sp>-
hybridized carbon atoms, is predicted to be one of the most stable
allotropes of the carbon family, with superior electrical properties,
high m-conjugation and uniformly porous structure, according to
theoretical predictions [22-25]. Unlike zero-bandgap graphene,
graphdiyne is an n-type semiconductor with a direct intrinsic
bandgap, the value of which has been predicted to be in the range
from 0.46 eV to 1.22 eV, based on different calculation methods
[26-28]. This would make the bandgap of GD to bridge the gap
between the zero-bandgap graphene and the large bandgap
(higher than 1.57 eV) semiconducting TMDs for a new generation
optoelectronics [29]. Most importantly, the existence of acetylenic
bonds offer innovative approaches for structure flexibility as well
as property modification, making it favorable for wider applica-
tions compared with conventional 2D materials [24,25]. Since the
first synthesis of GD by Li's group [22], the potential of this unique
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material was shown in solar cells [30,31], lithium-ion storage
[32,33], electronic devices [34], catalysis [35,36] and beyond.
Additionally, GD would, in principle, be an appealing NLO material
on account of its large -conjugation system and direct bandgap
[37]. However, research of the nonlinear optical properties of GD
remains relatively scarce [38,39].

In this paper, we report experimental investigations of the
third-order nonlinear optical response of GD dispersions using a Z-
scan technique. It is found that GD dispersions exhibit a
pronounced nonlinear optical self-defocusing effect under femto-
second excitation. The nonlinear refractive index is estimated to be
in the order of 1078 cm?/W, which is much higher than that of most
conventional 2D materials. Additionally, the nonlinear refractive
index of GD is found to be very different when it is dispersed in
various solvents. The polarity of the solvent, in combination with
its viscosity, is proposed to greatly influence the NLO response of
GD. Our experiments clearly validate that GD nanostructures are
effective NLO candidates for Kerr-effect-based NLO applications.

To obtain the GD film, it is an essential part to synthesize the
hexaethynylbenzene (HEB) monomer, which was prepared from
the deprotection of its precursor hexakis|(trimethylsilyl)ethynyl]
benzene (HEB-TMS) [40]. Typically, HEB-TMS (4 mg) was dissolved
in 60 mL of degassed dichloromethane with 0.1 mL of tetrabuty-
lammonium fluoride as the deprotection agent. The reaction
mixture was continuously stirred for 10 min under an argon
atmosphere in the dark. The obtained solution was used for the
next synthetic process immediately without any further purifica-
tion steps.

The GD films were synthesized via a liquid/liquid interfacial
method according to the literature [41]. Briefly, 10 mL of the
solution of HEB in dichloromethane (0.1 mmol/L) was added to a
glass cylinder, and the upper liquid layer was covered with 10 mL of
dual water. Then, 10 mL of aqueous solution of copper acetate
(0.01 mol/L) containing 0.25 mol/L of pyridine was dropped slowly
to the aqueous phase to form two separate phases. The entire
process was carried out at room temperature under argon
atmosphere. The system was kept vibration-free for >24 h, and a
brown thin film was formed at the interface between the liquids.
The top layer liquid was substituted with aqueous HCI solution
(1 mol/L) and deionized water, successively, while the bottom layer
was replaced with degassed dichloromethane. The obtained films
were then dispersed in alcohol solvents for further characteriza-
tion. Additionally, with the aid of sonication for about 1 h at room
temperature, GD nanofilms were dispersed in different common
solvents, including methanol (MeOH), ethanol (EtOH), 1-propanol
(1-PrOH) and n-butanol (n-BuOH). The resulting suspensions were
mildly centrifugated to remove any lager flakes, and in this way
homogeneous and stable dispersions of GD film in these solvents
are obtained for optical measurements.

The morphology of the GD films was studied by TEM (Fig. 1a),
verifying that the films obtained at the liquid/liquid interface are

Fig.1. (a) TEM and (b) HRTEM images of GD film; the inset shows the corresponding
SAED pattern.

flat and continuous. The HRTEM image revealed a layer-by-layer
structure of the films with an interval of 0.45nm (Fig. 1b),
consistent with the lattice reported for GD [41,42]. The corre-
sponding SAED patterns showed a hexagonal symmetry, indicating
the high crystallinity of the as-prepared GD films.

The elementary composition and structure were characterized
by XPS, Raman spectroscopy, XRD and DLS. The successful
formation of GD films was essentially confirmed by the high-
resolution C 1s XPS spectrum (Fig. 2a). In detail, the peak of C 1s can
be de-convoluted into four Gaussian curves, corresponding to C=C
(sp?) at 284.6 eV and C=C (sp) at 285.2 eV, respectively. The other
two peaks, at 286.4 eV and 287.5 eV, are assigned to C—0 and C=0,
which may result from the adsorption of air in the pores of the
networks and the oxidation of some terminal alkyne and defects
[41]. Furthermore, Raman spectroscopy gives strong evidence of
the successful synthesis of GD as well as its intact structure. As
depicted in Fig. 2b, the spectrum of the material shows four
distinct peaks. The peaks at 1375 and 1575 cm™! correspond to the
breathing vibration of aromatic rings (D band) and the stretching
vibration of aromatic rings (G band), respectively [43]. Meanwhile,
two bands at 1931 cm™! and 2173 cm™! can also be observed, which
are derived from the vibration of the conjugated diyne linkage [44].
The XRD data show a broad peak near 23.6° (Fig. S1 in Supporting
information), which is in good agreement with the spacing
between the carbon layers in TEM [45]. Additionally, the size
distributions of GD dispersed in these four solvents are very
similar, with the average size between 255~285 nm (Fig. S2 in
Supporting information).

The third-order optical nonlinearity of GD was determined with
closed aperture (CA) Z-scan measurements performed at different
laser intensities, by using a home-built setup excited by a mode-
locked Ti:sapphire oscillator at 800 nm, a pulse duration of ~100 fs,
and a repetition rate of 82 MHz. In these measurements, the
transmitted radiation through a sample can be measured as a
function of incident intensity, with the sample moving through the
lens focus [46]. The configuration of the Z-scan setup used in our
work is shown in Fig. S3 (Supporting information). The laser beam
emitted from a Coherent femtosecond laser was attenuated and
then focused by a lens with focal length of 75 mm, producing a
beam radius of around 50 pm at the focal point. A 1 mm quartz
cuvette containing the GD dispersions was oriented perpendicu-
larly to the beam axis and moved along the Z-axis by means of a
linear motorized stage. The radiation through an on-axis aperture
was recorded by a photodetector and a digital lock-in amplifier
(SR830, Stanford Research, U. S. A.). CS, was chosen to calibrate the
setup [47].

Fig. 3 displays the variation of the normalized transmittance as
a function of the sample position relative to the focus of the lens
(Z=0) for GD dispersed in 1-PrOH at different incident laser
intensities. The measured CA Z-scan results showed a typical peak
and valley curve, indicating that the GD dispersion has a prominent
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Fig. 2. (a) XPS narrow scan for the element carbon in the GD film on Si(100). (b)
Raman spectrum of GD film.
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Fig. 3. Experimental results and theoretical fitting for close aperture Z-scan curves
of normalized transmittance as a function of sample (GD dispersed in 1-PrOH)
position at different incident laser intensities.

self-defocusing effect [48]. The experimental data could be fitted
using the following function [46]:

4A<1><%>

(o))

where T(z) is the normalized transmittance, z, is the Rayleigh
length. A®, the on-axis nonlinear phase shift at the focus, is
described as A®@q = k ns Iy Lefr, in which k is the wave vector, Iy is the
on-focus intensity and Legr = Leyvette X Cop 1S the sample effective
thickness, respectively [49].

To negate the effect of the NLO refraction of the solvents, CA
Z-scan measurements for pure solvents were also performed
under the same conditions (Fig. S4 in Supporting information). The
nonlinear phase shift measured within the GD dispersion can be
written as A@cp = AP ora - APsorvent, and the solvent was found to
show a small negative nonlinear phase shift (Fig. S4 in Supporting
information). Therefore, the n, value of GD dispersed in 1-PrOH
was caculated to have the value of ~1.1 x 10~8 cm?/W from the
aforementioned equation (Cgp is taken as 0.1 mg/mL in 1-PrOH).
The concentrations of all the GD dispersions were calculated using
the Lambert-Beer Law, as displayed in Fig. S5 (Supporting
information), together with their linear absorption spectra in
the different solvents involved [50]. A linear behavior can be
observed for all dispersions with different slopes, which may be
attributed to changes in the absorption coefficient owing to
differences in dispersion.

GD exhibits the largest NLO refractive effect in intense laser
beams (Table 1) compared to other 2D materials [51-54]. It is
known that large extended mr-conjugation systems, leading to a
high molecular hyperpolarizability associated with molecular
orientation, can produce a large nonlinearity [55]. GD, possessing
a more extended delocalized m-electron framework than gra-
phene, should therefore give rise to a more pronounced NLO
refraction. Besides, GD is a direct-narrow-gap semiconductor, the
refractive index of which depends significantly on the generation
of electron-hole pairs as well as the carrier density. Therefore, the
lifetime of electron-hole pairs strongly affects the NLO response.

T2 ~1—

GD has a narrow bandgap with a short recombination lifetime and
short response time, resulting in a high nonlinear optical
performance [56,57].

Furthermore, for a better insight into the solvent influence on
the NLO refractive response, additional experiments were carried
out for GD dispersions in various solvents (MeOH, EtOH, 1-PrOH
and n-BuOH). CA Z-scan measurements for the four GD suspen-
sions were conducted at the same laser intensity (on-axis peak
intensities of 0.36 GW/cm?) and concentration (0.1 mg/mL). We
found that the solvents had a remarkable effect on the NLO
response of the GD dispersions. As displayed in Fig. 4a, the
normalized transmittance curve of GD dispersed in 1-PrOH has the
deepest peak and valley, indicating the most prominent NLO
performance. The values of the NLO refractive index shown in
Fig. 4b were calculated with the same Eq. 1. As can be seen, for
similar NLO refractive contributions of the pure solvents, the NLO
refractive index value of the 1-PrOH dispersion (1.1 x 1078 cm?/W)
greatly outperforms those of n-BuOH (3.6 x 10~° cm?/W), MeOH
(1.0 x 1072 cm?/W) and EtOH (1.5 x 1071 ¢m?/W) dispersions at
the same concentration. That means that the solvent substantially
contributes to the obtained NLO refractive indices.

It is known that the NLO refraction is related to physical
properties like viscosity and polarity of the solvent [58]. The
polarity as well as viscosity of the solvents involved in this work
have been listed in Fig. 4c. Here, the viscosities of the solvents are
in the order of n-BuOH > 1-PrOH > EtOH > MeOH; while the
polarities (dielectric constant) follow the trend of MeOH > EtOH >
1-PrOH > n-BuOH. As GD is a non-polar molecule, based on the
similarity-intermiscibility theory, GD prefers to be dispersed in
low-polarity and low-viscosity solvents [59]. Clearly, for the n, of
GD in four solvents (Fig. 4d), the lower-polarity solvents, such as 1-
PrOH and n-BuOH, performed better than the higher-polarity
solvents, like EtOH and MeOH. However, one exception arises here:
1-PrOH has a higher polarity than n-BuOH, but the former presents
a better NLO refractive response than the latter, which might be
related to the difference in their viscosity.

To rule out the influence of possible aggregation of GD in the
various solvents on n,, its dependence on concentration was
determined for different GD dispersions (Fig. S6 in Supporting
information). It can clearly be seen that the n, of the GD

Table 1

Reported Z-scan results for 2D materials in femtosecond regime.
Sample Wavelength (nm) n, (cm?/W) Reference
Graphdiyne 800 11x10® Our work
Graphene 1150-2400 1x107° [51]
Bi,Ses 800 1x1071° [52]
WS, 800 8.1 x10™" [53]
Black phosphorus 800 6.8 x 107" [54]
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Fig. 4. (a) Experimental results and theoretical fits for close aperture Z-scan curves
of normalized transmittance of the GD dispersions in different solvents, with the
concentration of the suspension of 0.1 mg/mL, laser power 25 mW at a wavelength
of 800 nm and pulse width of 100 fs. (b) Refractive index values of the GD dispersion
and relevant pure solvents. (c) Solvent viscosities and dielectric constants for the
four solvents at 25 °C [60]. (d) Refractive index values of the GD sample.
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dispersions increased almost linearly with increasing concentra-
tion, indicating the absence of aggregation of GD.

In summary, we have studied the third-order NLO effect of GD
with Z-scan experiments, using 100 fs laser pulses centered at
800 nm on GD dispersed in four different solvents. GD shows a
relatively high NLO refraction in the femtosecond regime,
surpassing most of known 2D materials. The enhancement is
most likely connected to the presence of more extended
delocalized 7 conjugation and the intrinsic bandgap of GD. More
interestingly, it is observed that the nonlinear refractive index of 1-
PrOH dispersion of GD is better than that of other solvent
dispersions employed in our work, which indicates some
contributions of the solvent, including the polarity and viscosity,
to the improvement of the NLO refraction. Therefore, the presented
results open up a path for GD as a promising NLO material for
photonic applications, including the influence of the solvent on
dispersion for different optical materials. Specifically, GD offers a
moderate bandgap of around 0.8 eV, which matches well with the
optical communication band (1550 nm, 0.8 eV). Besides, GD has
additional advantages as its properties can easily be tailored by
chemical derivation or hybridization with other materials in this
emerging 2D framework.
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