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Nonlinear optics of graphdiyne
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and Jialiang Xu *a

Graphdiyne (GDY), as a rising star of all-carbon materials, features a high degree of p-conjugation,

uniformly distributed pores, and an intrinsic natural bandgap. These characteristics guarantee a large

optical refractive index, low saturation intensity, and broadband absorption, which promises a wide

range of application prospects in the field of nonlinear optics (NLO). In recent years, research on GDY in

the field of NLO has become increasingly prevalent. In this review, we discuss the research progress on

GDY in the domain of NLO. The corresponding bottlenecks and challenges for the future development

of GDY in NLO are discussed.

1. Introduction

In the past decades, all-carbon materials have been rapidly
developed at the forefront of organic and inorganic chemistry
as well as materials science. Carbon allotropes such as natural
graphite (sp2),1 low-dimensional fullerenes (sp2),2–4 carbon
nanotubes (sp2),5 graphene (sp2),6,7 and diamond (sp3)8 have

received extensive research attention for their special structures
and optoelectric properties.1,9,10 The discovery of carbon-rich
materials and their excellent optoelectronic properties has
greatly accelerated the development of various sciences in the
world today. It is well known that sp hybrid carbon atoms have
linear structures, a high degree of p-conjugation, and no cis/
trans isomerization characteristics. The outstanding physical
structure of carbynes gives them unusual electrical, optical and
catalytic properties.11 Moreover, the combination of carbon
allotropes and sp hybrid carbon–carbon triple bonds, such as
the combination of sp and sp2, and the combination of sp and
sp3, have led to many different and interesting properties that
have stimulated many theoretical and experimental studies.12,13

The first theoretical studies on graphyne were presented in
1987 by Baughman and his colleagues who estimated its
structure and electronic properties.14,15 Different from other
two-dimensional carbon materials, Graphdiyne (GDY) is a new
type of carbon allotrope, composed of sp and sp2 hybridized
carbon atoms. The special extended connection of hybridized carbon
atoms renders GDY a two-dimensional planar structure.16–19 GDYs
express uniformly distributed pores, a high degree of p-conjugation,
natural bandgap, broadband absorption, and tunable electronic
properties.20–23 Moreover, the carbon–carbon triple bonds make it
feasible to introduce adsorbed atoms (e.g., fluorine, hydrogen, or
oxygen) to obtain various GDY derivatives. In recent years, GDY and
GDY derivatives have been widely employed for broad applications
in catalysis,24–28 energy storage,29–34 biomedicine,21,35–37 solar
cells,38–40 nonlinear photonics,41 random lasers,42 and other
frontier fields for their unique structures as well as physical and
chemical properties. Comprehensive experimental studies on
NLO properties of two-dimensional materials have been carried
out since the advent of graphene.43,44 As a two-dimensional
isomer of graphene, GDY has also demonstrated promising
applications in nonlinear optics.45–47
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The high-quality, large-scale synthesis of single-layer GDY is
a necessary condition for studying its intrinsic properties. In
2010, Li et al. prepared a large area of GDY film on a copper surface
through the cross-coupling reaction of hexaacetylenebenzene, and
showcased its excellent semiconductor properties.19 In this case,
copper foil not only serves as the catalyst in the cross-coupling
reaction but also offers the substrate for the growth of GDY film.48

Since then, chemists have carried out comprehensive experimental
studies on the controllable synthesis of GDY. In 2012, Li et al.
employed the vapour–liquid–solid (VLS) growth process to success-
fully prepare high-quality GDY nanowires with surface defects and
semiconductor properties.49 In 2015, Liu et al. successfully
synthesized uniform GDY nanowalls on the surface of copper
substrates by the Glaser–Hay reaction.50 Subsequently, 2D GDY
nanowalls,26 nanosheets,51–53 and 3D GDY frameworks53,54 have
been synthesized in succession. In 2017, Matsuoka et al. used
the liquid–liquid interface method to obtain multi-layer GDY via
continuous alkyne–alkyne conjugation reactions at the interface.51

In 2019, Zhang et al. synthesized ultra-thin GDY with a smooth,
continuous surface and good crystallinity using graphene as a
template.55 The synthesis of ultra-thin GDY undoubtedly provides
possibilities for studying the essential characteristics of GDY,
which also accelerates the application and development of GDY
in various fields. Recently, Zhao et al. successfully prepared highly
ordered graphtetrayne (GTTY) crystals with precisely controlled
and well-defined chemical structures on copper surfaces.56

The successful synthesis of GDY has undoubtedly accelerated
the exploration and application of its functionalities.57–59 NLO of
GDY has also attracted broad interest in this context. In this
review, we focus on the research progress of GDY in the field of
nonlinear optics. We will present the electronic structures and
optical properties of GDY both theoretically and experimentally to
identify the key factors for the excellent performance of GDY in
NLO. Finally, we will discuss some of the problems and challenges
GDY will face in its future development in the field of NLO.

2. Linear optical properties of GDY
2.1 Electronic structures and properties

The electronic structures and properties of GDY have been
explored to intensively unravel its linear and nonlinear optical
properties. Notably, GDY has two self-doped, non-equivalently
distorted Dirac cones.60,61 First-principles calculations have
shown that the GDY family generally has an intrinsic bandgap
of 0.44 to 1.22 eV, which is very different from the zero bandgap
of graphene.18,62–64 It is known that the presence of direct
bandgaps may facilitate the applications of GDY in optoelectronic
devices. Meanwhile, the electronic properties can be tuned
by varying the number of layers of GDY.65 Luo et al. reported
the electronic structure of GDY based on first-principles
calculations.62 The geometry of the GDY, the unit cell, the
coordinate base points, and the first Brillouin band are shown
(Fig. 1a). By comparing the band structure and state density of
GDY calculated at the LDA level and GW level, considering the
quasi-particle effect, the results show a bandgap of 0.44 eV at the

LDA level. However, there is a clear increase to 1.10 eV at the GW
level (Fig. 1b). Such a 1.5 times quasiparticle correction is the
consequence of the enhanced coulombic interaction in reduced
dimensionality. It is worth mentioning that the corrections to the
conduction and valence bands by quasiparticles can be divided
into two categories based on the magnitude of the corrections
(Fig. 1c). The electronic structure of GDY varies with its structural
stacking modes.66 Lu and co-workers have systematically studied
the structural and electronic properties of the bilayer and trilayer
GDY.65 The results show that the most stable bilayers and
trilayers of GDY all have their hexagonal carbon rings stacked
in a Bernal mode, and the possible configurations of bi- and
trilayer GDY systems are shown in Fig. 2a and b. The direct
bandgaps for the most stable and second most stable stacking
arrangements of double-layered GDY are 0.35 eV and 0.14 eV,
respectively (Fig. 2c), and the bandgap for the three-layer GDY
stable stacking style is 0.18 to 0.33 eV (Fig. 2d). Interestingly, GDY
has a theoretical carrier mobility of up to 2 � 105 cm2 (V�1 s�1) at
room temperature, which is higher than that of graphene two-
dimensional material.64

Electron modulation properties of 2D materials are crucial
for their applications. Alterations in edge morphology, strain
and ribbon width, and doping with heteroatoms can effectively
tune their electronic structures.61,65,67–71 For instance, by utilizing
the first-principles calculations combined with the tight-binding
approximation, the strain-induced semiconductor–semimetal
transition in GDY was discovered. The bandgap of GDY increased
from 0.47 eV to 1.39 eV with enhancing the biaxial tensile strain,
while the bandgap decreased from 0.47 eV to nearly zero with
weakening the uniaxial tensile strain (Fig. 3a–d). The broken
geometrical symmetry led to an increase in energy band degeneracy.

Chemical doping is another effective means of modulating
the electronic structures of GDY.72,73 Band structures of N-,
P- and As-doped GDY with hexagonal and rectangular atomic
lattices as shown in Fig. 3e demonstrated their bandgaps of
1.27, 1.90, 1.55, 2.23, 0.76, and 0.75 eV, respectively. Signifi-
cantly, the optimum bandgap for photovoltaic devices should
be in the range between 1.1 and 1.4 eV.74,75 Therefore, doped

Fig. 1 Electronic properties of GDY. (a) Geometrical structure, unit cell
(red dashed diamond), coordinate bases, and first Brillouin zone (green
hexagon) of GDY. (b) Band structures and density of states (DOS) of GDY at
the LDA and GW levels. (c) Quasiparticle correction as a function of the
LDA energy in GDY. The linear fit of the data is plotted in red lines.
Reprinted with permission from ref. 62, Copyright 2011, American Physical
Society.

Review Materials Chemistry Frontiers

Pu
bl

is
he

d 
on

 0
7 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

23
/2

02
5 

3:
24

:5
7 

A
M

. 
View Article Online

https://doi.org/10.1039/d1qm00834j


This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021 Mater. Chem. Front., 2021, 5, 6413–6428 |  6415

GDY nanosheets are deemed to be ideal candidates for nano
photovoltaic devices. The superiority of the electronic pro-
perties and flexible electronic configurations from GDY offer
the potential to manufacture nanoscale semiconductor or
optoelectronic materials in compact devices.

2.2 Optical properties

Light absorption is one of the most fundamental optical
properties of two-dimensional materials. Since GDY is one
the ideal candidates for optoelectronic materials, it is funda-
mental to have an understanding of its optical properties. The
absorption spectrum of GDY was reported theoretically and
experimentally by Luo et al.62,68 The absorbance of GDY was
measured in the NIR to UV region (blue line in Fig. 4a). After
subtracting the background, the absorbance of the GDY films
in the NIR to UV range is shown in Fig. 4b and then compared
with theoretical results at the level of the stochastic phase
approximation (GW + RPA) and the Bethe–Salpeter equation
(BSE). The calculations show that the BSE levels give a result
that best matches the experiment, and the three experimental
absorption peaks of 0.56, 0.89, and 1.79 eV correspond to the
BSE excitation peaks of 0.75, 1.00, and 1.82 eV, respectively. The
first peak is from the transition around the bandgap, while
the others are from around the van Hove singularities. Such a
discrepancy is not surprising because the experimental samples
are GDY films with interlayer van der Waals (vdW) interactions,
which are known to reduce Coulomb interactions as the
dimensionality increases, thus affecting the position of the
exciton peaks. Graphyne and GDY have been investigated using
density functional theory (DFT) and time-dependent density

functional theory (TDDFT).76 The graphyne absorption range
(1.59–3.59 eV) was found to be wider than that of GDY (1.91–2.49 eV).
Experimental results also showed that although graphyne and
graphdiyne are both direct bandgap semiconductor materials, there
are significant differences in their energy band structures.

Luo et al. investigated the optical properties of monolayer
GDY and four different stacking systems using DFT plus vdW
density functions.68 Several stacking geometries of GDY are
shown in Fig. 5a–c. The spectrum in the Z direction is omitted
in this experiment because local field effects strongly suppress
light absorption in the energy range of interest. The measured
spectra display three main peaks located below 1 eV, around
1.7 eV, and around 4.02 eV, respectively (Fig. 5d–f). For the AA
stacking, the spectra along the X and Y polarization directions
are identical, with the lowest and most intense peak is located
at 0.11 eV. The lowest peak of the AB-1 stacking is located at
around 0.15 eV in both directions, but the intensity in the Y
direction is B40% stronger than that in the X-direction. In
contrast, the spectral features of the AB-2 stack are very similar
to those of the monolayer spectrum, except for a slight difference
of around 0.7 eV as a result of a small degeneracy boost in the
band structure. Finally, the spectrum of the AB-3 stack is char-
acterized by two peaks in the X-direction, one at 0.28 eV and the
other at 0.49 eV. Only a single peak is at 0.67 eV in the Y-direction.
Compared to the spectra of monolayers of GDY, the peaks below
1 eV are generally redshifted in all the bulk structures due to the
reduced or closed bandgap in the bulk structures. The system
found the AA conformation to be the least stable structure after
vdW correction, followed by the AB-1 conformation, with the AB-2
and AB-3 stacks being the two most stable structures.

Fig. 2 Electronic properties of the bilayer and trilayer GDY. (a) Optimized configurations of bilayer GDY, referred to as AB(b1) and AB(b2), respectively.
(b) Three possible configurations of the trilayer GDY from the top view: ABA(g1), ABC(g2), and ABC(g3) configurations, respectively. (c) Band structures of
bilayer GDY. The two red boxes indicate the two groups of bilayer GDY bands whose energy difference stems from the monolayer LUMO and LUMO+1
interaction. (d) Band structure of trilayer GDY configurations of the ABA(g1), ABC(g2) and ABC(g3), respectively. Reprinted with permission from ref. 65,
Copyright 2012, The Royal Society of Chemistry.
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The above analysis also proves that chemical doping can
effectively change the electronic structure of GDY, so its optical
properties will be changed accordingly.69,70 Both chemical and
functionalized modifications can effectively modulate the optical
properties of GDY.71,77 Azin Shahsavar et al. systematically

studied the electronic structure and optical properties of modified
graphene/GDY using first-principles DFT calculation methods.
Theoretical calculation results showed that in the case of –O,
–CO and –COH functional group modification, the charge transfer
between the edge oxygen group and the carbon surface will cause

Fig. 4 Optical absorption properties of GDY. (a) Raw experimental absorbance (blue circle) of GDY film and cubic polynomial fit (pink solid line) for its
background. (b) Experimental absorbance (blue circle) of GDY film and theoretical absorbance at the GW + RPA (green dotted line) and BSE (red solid line)
levels of GDY. Reprinted with permission from ref. 62, Copyright 2011, American Physical Society.

Fig. 3 Electrical properties of structurally modified and chemically doped GDY. The band structures calculated by density functional theory (DFT) and
the tight-binding approximation (TBA), the partial density of states (PDOS) and the three-dimensional energy bands at the G point for GDY (a) without a
strain, and under a symmetrical biaxial tensile strain of (b) 5%, (c) 9%, and (d) 15%, respectively. Reprinted with permission from ref. 61, Copyright 2013, The
Royal Society of Chemistry. (e) Band structures of single-layered N-, P- and As-GDY/graphyne monolayers with hexagonal and rectangular atomic
lattices predicted by the PBE functional. Reprinted with permission from ref. 72, Copyright 2019, The Royal Society of Chemistry.
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the DOS near the Fermi level to change drastically (Fig. 6a–c). It is
worth noting that the introduction of oxygen-containing functional
groups will cause electron transfer in the system, and then form
p/n-type semiconductor materials, enriching the electrical
properties of graphene/GDY. For the original graphyne and
GDY nanosheets, the absorption starts from the UV region to
the visible region. In the follow-up work, a wider spectral range
from UV to NIR was observed after functionalization with –CO
or –COOH groups. In general, the electronic energy spectrum of
GY/GDY is redshifted due to functionalization with –CO and
–COOH groups.78 The degree of redshift is aggravated with the
number of functional groups and the absorption intensity
increases in the same way. This undoubtedly widens the range
of applications for GDY in the field of optoelectronic devices.

3. Nonlinear optics of GDY
3.1 Second-order NLO of GDY

NLO studies the nonlinear interaction of matter with the electric
field of intense light.79,80 In 1961, the second harmonic generation
(SHG) was first discovered by Franken et al.81 This signified the

beginning of the field of NLO. Since then, NLO has attracted
widespread attention and has played an increasingly important
role in the fields of optical information technology, lasers, and
materials science.82–86 Since the first NLO phenomenon was
identified, SHG has been the most developed NLO effect in the
field of laser technology. It is a typical second-order NLO
phenomenon and can be described quantitatively in terms of
the second-order NLO magnetisation.87,88 SHG is a frequency
doubling process, i.e., two incident photons combine to produce
a photon with doubled frequency and energy.89 It is well known that
SHG active material is characterized by the non-centrosymmetric
(NCS) structure.88–91 However, due to the limitations of the two-
dimensional planar structure of GDY, the study of its second-order
NLO is still at the stage of theoretical exploration.

Based on DFT, Li et al. reported that the adsorption of a
single alkali metal (AM = Li, Na, K) on the surface of GDY NLO
properties.73,92 All alkali metals can interact and stabilize the
intramolecular electron donor–acceptor process with the large
triangular holes in the widely delocalized p-conjugated GDY
through van der Waals interactions. According to calculations, the
first hyperpolarizability (b0) values of free graphene, graphyne, and
GDY were expected to be less than 0.20 a.u. Nevertheless, after

Fig. 5 Optical absorption of GDY with different stacked structures. Geometrical structures of the (a) AB-2, (b) AB-3, and (c) AB-1 stacked bulk GDY. The
red arrows indicate the relative in-plane shifts of the two layers in a cell. Polarized optical absorption spectra of the AA, AB-1, AB-2, AB-3 stackings along
the (d) X-, and (e) Y-directions. (f) Unpolarized optical absorption spectra of the AB-2 and AB-3 stackings. Reprinted with permission from ref. 68,
Copyright 2013, American Chemical Society.
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doping with alkali metals, the b0 values of these complexes
increased (Fig. 7a), which can be attributed to the gradual decrease
in the electronegativity of the alkali metals from Li to K. On the
other hand, this results from the valence electrons of the alkali
metal atoms being readily transferred to the GDY group when they
interact with GDY. It manifested that the main electronic leap in
the key excited state of AM@GDY is from the HOMO�2 orbital to
the LUMO transition (Fig. 7b). The experiment also analyzed the
frequency dependence of the electro-optic (EO) Pockels effect and
SHG and indicated that the SHG resonance enhancement
occurred at o = 0.10 a.u. (Fig. 7c). This study not only highlights
the importance of single alkali metal adsorption on the GDY
surface in improving its NLO performance but also reveals that
AM@GDY complexes are promising as crucial materials for the
next generation of GDY-based optoelectronics applications. Adding
extra electrons to the system will directly affect the NLO properties
of the material, increasing its first hyperpolarizability, which
provides guidance for the design of new NLO materials.92–97 The
adsorption of alkali metal atoms on different nanostructures is
an effective way to obtain excess electrons in the system.98,99

Mahmood et al. adopted DFT calculations to design a series of

new superalkali-doped GDY complexes with electron donor and
acceptor frameworks (M2X@GDY, M = Li, Na, K, and X = F, Cl,
Br).100 DFT results show that the doping of superalkali on GDY
leads to the reduction of the HOMO–LUMO gap, thereby enhan-
cing its electrical conductivity. The polarizability and first hyper-
polarizability of GDY were also significantly improved, with the
highest value reaching 7.7� 104 a.u. (Fig. 8a and b). It ought to be
stated that the value of the first hyperpolarizability is mainly
influenced by the interaction distance between the dopant and
the complexing agent, and the magnitude of the ionization
energy.101,102 When the size of the alkali metal atoms increases,
the ionization potential decreases and excess electrons are
generated, which leads to an increase in the hyperpolarizability.
With the increase of the atomic radius, the ionization energy
gradually decreases, the value of b0 increases from Li2F@GDY to
Na2F@GDY and from Li2Br@GDY to Na2Br@GDY, while the
value of b0 increases from Na2F@GDY to K2F@GDY and from
Na2Br@GDY to K2Br@GDY. The gradual decrease is due to the
larger interaction distance. In the M2Cl@GDY system, the
transition energy gradually decreases, causing the b0 value to
show an increasing trend. In a recent study, Mahmood et al.

Fig. 6 Density of states (DOS) for the edge oxidized graphene (GY) (left) and GDY (right) functionalized by –O, –CO, and –COH functional groups. The
dashed line shows the Fermi energy of the bare carbon surface and the arrows indicate the change in the state’s location after functionalization.
Reprinted with permission from ref. 71, Copyright 2016, Elsevier.
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studied the NLO properties of superalkali-doped graphdiyne
complexes (Na2Y@GDY, Y = SH, OCH3, SCH3, CN and N3) and
M3O, M3S (M = Li, Na, and K)-doped GDY complexes.103,104 In
both experimental schemes, superalkali doping is used to
introduce excess electrons into the system and generate new
HOMO orbitals to reduce the HOMO–LUMO gap. The analysis
showed that in all superalkaline-doped GDY complexes, the
charge was transferred from the superalkaline to GDY. At the
same time, the superalkali doping greatly enhanced the first
hyperpolarizability b0 of GDY. DFT calculation results showed
that the highest b0 (6.17 � 104 a.u.) was observed in the
Na2OCH3@GDY complex. In Na3S@GDY, the largest first hyper-
polarizability was observed to be 1.36 � 105 a.u. Thus, the
two-level model can well explain why Na2OCH3@GDY and
Na3S@GDY exhibited a larger NLO response (Fig. 8c). Note that
the transition energy is a key factor in enhancing the first
hyperpolarizability of these complexes. It should also be noted
that two-dimensional layered materials with multiplicative effects
generally appear only in structures with inverse symmetry breaking,
and in recent years SHG responses have been found in some layered
two-dimensional materials, such as graphene-like materials,105–107

transition metal sulfides (TMDCs),108–110 etc. Taking h-BN and
PdSe2 as examples, the SHG signal of h-BN appears in odd layers and
disappears in even layers. Such a high contrast is due to the presence
of the second harmonic polarization in the unimolecular layer,

which is absent in the bimolecular layer due to stacking.106 For
PdSe2, on the contrary, the SHG signal appears in the even layer,
while the signal in the odd layer is negligible because the odd layer
crystallizes in the space group with inversion symmetry, while the
even layer crystallizes in the space group with broken inversion
symmetry.110 The intrinsic SHG signal of the non-centrosymmetric
structure is also affected by the applied electric field and doping.

3.2 Third-order NLO of GDY

Third-order NLO does not require an NCS configuration.111,112

Therefore, a wider variety of two-dimensional materials will be
available and effective in third-order NLO. It has been con-
firmed that GDY has ideal NLO characteristics in the visible
wavelength band, which provides a strong guarantee for its
application in the field of NLO. Wu et al. skilfully applied this
new type of material to nonlinear photonic diodes and introduced
another antisaturable absorption material (SnS2) to combine these
two 2D materials in the form of liquid or thin films. The results
show that the nonlinear photonic diode is capable of non-
reciprocal propagation of light.41 When a laser beam with a
relatively high intensity passes through the forward direction
(GDY/SnS2), the diffraction ring will be excited due to the strong
NLO response of the GDY caused by the Kerr effect. However,
when a laser beam of the same intensity passes in the opposite
direction (SnS2/GDY), no diffraction ring can be produced.

Fig. 7 (a) Static first hyperpolarizability (b0) of AM@GE, AM@GY, and AM@GDY (AM = Li, Na, K) complexes determined at the CAM-B3LYP/6-
311++G(2d,2p) level. (b) Main electronic transitions in crucial excited states (Tc) of the Li@GDY, Na@GDY, and K@GDY complexes determined using
the CAM-B3LYP method. (c) Frequency dependence of the two different first hyperpolarizability (b) processes of K@GDY. EO: electro-optical Pockels
effect with b(�o; o, 0); SHG: second-harmonic generation with b(�2o; o, o), determined at the CAM-B3LYP/6-311++G(2d,2p) level of theory. Reprinted
with permission from ref. 73, Copyright 2019, The Royal Society of Chemistry.
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The reason is that SnS2 has strong linear absorption and
severely reduces the intensity of incident light (Fig. 9a–f). In
this way, the strong nonlinear effect exhibited by GDY not only

provides the possibility for its application in photonic diodes
but also shows an ideal application prospect in all-off modula-
tion and switching.

Fig. 8 (a) TDOS and PDOS spectra of superalkali-doped GDY complexes (Na2F@GDY, K2Cl@GDY and Na2Br@GDY). (b) Comparison of the first hyperpolariz-
ability between long-range separated functionals. Reprinted with permission from ref. 100, Copyright 2019, Elsevier. (c) Comparison of the calculated first
hyperpolarizability (b0) and DE of both M3O@GDY and M3S@GDY complexes. Reprinted with permission from ref. 104, Copyright 2020, Elsevier.

Fig. 9 (a) The experimental setup for the proposed GDY/SnS2 based nonlinear photonic diode. (b) The phenomenon of the nonreciprocal light
propagation observed from the proposed nonlinear photonic diode. (c) The number of diffraction rings excited from the independent GDY dispersions
and SnS2 dispersions at l = 532 nm. (d) The input and output intensity of the 532 nm laser beam before and after it passes through the SnS2 dispersions.
(e) and (f) The results of the nonreciprocal light propagation for the proposed nonlinear photonic diode at l = 532 and 671 nm, respectively. Reprinted
with permission from ref. 41, Copyright 2019, Wiley-VCH. (g) Experimental results and theoretical fits for close aperture Z-scan curves of normalized
transmittance and refractive index values of the GDY dispersions in different solvents. Reprinted with permission from ref. 113, Copyright 2021, Elsevier.
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The high NLO refractive index has great application potential
in optical devices based on the Kerr effect. Recently, the third-
order NLO response of GDY was systematically studied in alcohol
solvents via a femtosecond Z-scan technique. The experimental
results showed that the NLO refractive index of GDY is about
10�8 cm2 W�1, which is about an order of magnitude higher than
traditional two-dimensional materials.113 In this experiment,
GDY was fully dispersed in 1-propanol, and the normalized
transmittance showed a typical peak and valley curve (Z = 0),
implying the outstanding self-defocusing effect of GDY. As is
known, the NLO refraction of the material is related to the viscosity,
polarity and other physical properties of the solvent,114,115 so a
comparative test concerning different alcohol solvents was con-
ducted (Fig. 9g). GDY is a direct narrow gap semiconductor whose
refractive index depends largely on the generation of electron–hole
pairs and the corresponding carrier density, and the lifetime of
electron–hole pairs strongly affects the NLO response. GDY also has
a wider delocalized p-electron framework than graphene, so it may
also cause a more pronounced NLO refraction. In short, as a new
two-dimensional semiconductor material, GDY has demonstrated
promising application prospects in the field of NLO.

Nonlinear absorption behavior is an important NLO process
that occurs under high-power laser excitation. The authors
investigated the results of Z-scans with increasing excitation
intensity at four different wavelengths at 290, 410, 532, and
1064 nm.116 For the wavelength of 290 nm, when the excitation
energy and energy density are relatively low, the normalized
transmittance always maintains the same level, and it does not
exhibit a nonlinear absorption behavior. When the energy density
reaches the threshold of nonlinear absorption, GDY exhibits a
two-photon absorption behavior. At the maximum energy density
(Z = 0), a trough appears. As the excitation intensity increases, the
trough gradually deepens. The other three wavelengths all show
similar absorption behaviors (Fig. 10a). When the scanning
ranges from ultraviolet to near-infrared, one can see that GDY
exhibits low excitation intensity and large modulation depth in
the ultraviolet band. The physical absorption mechanism of the
whole process can be understood as that when the excitation
energy density reaches the threshold of optical limiting (OL), two
photons are continuously absorbed by one electron, and the
excited electron is excited to a high energy level. Due to strong
absorption, the transmittance will drop rapidly. From this work,
it was found that compared with the infrared band, GDY has a
lower threshold and a larger 2PA coefficient in the ultraviolet
band. GDY has a lower Fermi level and a higher coefficient in the
ultraviolet band. Compared with the infrared band during light
absorption, the large energy band volume requires more electrons
to fill the ultraviolet band. At this time, the optical limiting
characteristic of the ultraviolet band appears. The large absorption
cross-section of GDY nanosheets in the ultraviolet band highlights
its advantages as an OL material, and has application prospects in
the field of protective optical components and even the entire field
of nonlinear absorption materials.

The broadband saturated absorption and transient absorption
characteristics of GDY have been studied and proved from visible
light to infrared.117 Varying from the traditional materials such as

graphene,118 BP119 and BP quantum dots (BPQDS),120 GeP,121

MoS2,122 MXene,123 metal–organic frameworks (MOF),84 and Te
(Table 1),124 GDY has a stronger nonlinear absorption, lower
saturation intensity and ultrafast relaxation time. GDY is thus a
promising broad-spectrum saturable absorber, which is applic-
able as a mode-locked element to generate ultrashort laser
pulses in a laser cavity. Zhao et al. reported a mode-locked
erbium-doped fiber laser based on a GDY saturable absorber at
the wavelength of 1564.70 nm.125 Recently, the saturated absorp-
tion properties of GDY were further researched. The wavelength
dependence of the saturable absorption properties of GDY was
determined at different wavelengths of laser excitation at 475,
1060, 1550, and 1800 nm.117 GDY exhibited strong saturable
absorption properties from the visible to the infrared band and it
was calculated that GDY had significant b values (41 cm GW�1)
(Fig. 10b). This means that GDY is well suited for a passive mode-
locker to generate ultrashort laser pulses. The saturated absorp-
tion mechanism of GDY is shown in Fig. 10c. When the energy of
incident light is close to the bandgap value, electrons will transfer
from the valence band to the conduction band, and then the
carriers (electrons and holes) generated from the light will
redistribute due to cooling to form the Fermi–Dirac distribution,
and phonon scattering will finally cause the carriers to return to
the equilibrium state. However, if the light intensity is large
enough, the photogenerated carriers will immediately occupy
these energy states, and according to the Pauli blocking principle,
photons can pass through GDY transparently, then GDY reaches
saturation. In this work, high power mode-locked pulse outputs
at 1 mm and 1.5 mm have been achieved by applying GDY as a
saturable absorber to a fiber laser. A highly stable continuous-
wave mode-locked laser pulse train was obtained (Fig. 11a). The
above output performance suggests the fine output performance
of the laser. GDY plays a critical role in the manufacture of
ultrafast photonic devices in the communication band. Recently,
the application of GDY was explored in mid-infrared ultrafast
photonics.126 Experimental results clarify that its nonlinear para-
meters are better than the existing mainstream two-dimensional
materials. Using GDY as a saturable absorber, stable mode-
locked and chaotic pulses were obtained at 1.5 mm (Fig. 11b).
Also, as a mode-locked device for thulium-doped fiber lasers,
high-power pulse output was obtained in the 2 mm band (Fig. 11c).
The maximum output power of this laser is as high as 36.4 mW,
which is better than graphene (1.21 mW).127–130 The natural
chemical and physical structure of GDY endows it with extraor-
dinary responsiveness in the employment of nonlinear absorption.
The development of new graphdiyne-based materials for the
exploration of NLO is a hot topic in current scientific research.
Recently, Wong et al. prepared two independent mercurialised
graphyne nanosheets through an interface-assisted bottom-up
approach.131 In this work, the authors incorporated metallic
elements as a new molecular functional form into the framework
of graphdiynes to obtain metallic graphynes. The nanosheets
exhibited a layered molecular structure arrangement, controlled
thickness and enhanced p-conjugation, which, in turn, combined
the advantages of metal centres and GDY, resulting in stable and
excellent broadband nonlinear saturable absorption properties at
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532 nm and 1064 nm (Fig. 10d). The periodic molecular frame-
work of Hg(II)–polyynes leads to a Pauli blocking effect, causing the
saturable absorption behaviour of this nanosheet, and the NLO
effect is enhanced by the copolymerisation of organic polyynes
with Hg(II) ions.132,133 Subsequently, the nanosheet was used as
a saturable absorber in a passively Q-switched laser, and stable
pulse output characteristics were obtained (Fig. 11d and e).
This shows that metallized graphdiynes materials have unique
properties and application prospects. By changing the molecular
structure (such as metal chromophores, nanostructures and

Table 1 b and Is values of various 2D materials

Materials Laser parameters b [cm GW�1] Is [GW cm�2] Ref.

Graphene 800 nm, 100 fs �(1.52 � 0.42) � 10�2 583 � 127 118
BP 800 nm, 100 fs �(6.17 � 0.19) � 10�3 334.6 � 43 119
BPQDS 800 nm, 100 fs �(0.41 � 0.06) � 10�3 21.41 � 1.87 120
GeP 800 nm, 100 fs �4.74 � 10�1 76.48 121
MoS2 800 nm, 100 fs �(4.60 � 0.27) � 10�3 413 � 24 122
MXene 800 nm, 100 fs �0.297 88.6 � 5 123
MOF 800 nm, 100 fs �3 � 10�2 30 84
Te 800 nm, 100 fs — 261 � 176 124
GDY 800 nm, 100 fs �10.96 1.89 117

Fig. 10 (a) NLA results in the ns open-aperture Z-scan set-up of GDY nanosheets with the four excitation wavelengths. Reprinted with permission from
ref. 116, Copyright 2020, The Royal Society of Chemistry. (b) Open aperture Z-scan measurements of the GDY nanocomposite at 475 nm, 1060 nm,
1550 nm, and 1800 nm. The relationship between the normalized transmittance of the GDY nanocomposite and input peak intensity of the femtosecond
laser at 475 nm, 1060 nm, 1550 nm, and 1800 nm. (c) Mechanism of the GDY nanocomposite saturated absorption. Reprinted with permission from
ref. 117, Copyright 2020, Wiley-VCH. (d) NLO properties of graphyne organometallic nanosheets (MGONS). Reprinted with permission from ref. 131,
Copyright 2021, Wiley-VCH.
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functional groups in ligands, etc.) the design of various structures
of optoelectronic materials and devices is feasible.

Although GDY has been demonstrated as a promising NLO
material for visible, near, and mid-infrared photonic devices,
the NLO properties and applications of GDY are still under-
researched. Studies on GDY are still on the rise, and future
work will be devoted to the systematic study of its nonlinear
properties and photonic applications.

4. Conclusion and outlook

As a new type of two-dimensional material, GDY has been
extensively studied from theory to experiment for its remarkable

NLO properties. The large nonlinear absorption coefficient, low
saturation intensity, and ultrafast relaxation time indicate that
GDY possesses outstanding potential in the field of nonlinear
photonic materials. In this review, we discussed the structure,
adjustable bandgap, and the linear and nonlinear optics of
GDY. Nevertheless, the research on the optical properties and
applications of GDY is still insufficient and there is still ample
space for further exploration of optics and optoelectronics.

Scale-up and structure-controllable synthesis, and even com-
mercialized manufacturing have always been thorny issues in
the field of GDY preparations, which are crucial for the exploration
of the intrinsic physical properties and the achievement of practical
applications. Nevertheless, under high-temperature conditions, the
coupling of the terminal alkynes of the hexaacetylenebenzene (HEB)

Fig. 11 (a) Mode-locked pulse output performance of the GDY nanocomposite-based EDF laser. Reprinted with permission from ref. 117, Copyright 2020, Wiley-
VCH. (b) The output characteristics of the EDF laser based on GDY SA. (c) The output characteristics of the TDF laser based on GDY SA. Reprinted with permission
from ref. 126, Copyright 2020, Wiley-VCH. (d) Passively Q-switched Nd:YAG laser properties with MGONS as the saturable absorber. (e) Passively Q-switched
Nd:YAG laser properties with MGONS as the saturable absorber. Reprinted with permission from ref. 131, Copyright 2021, Wiley-VCH.
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monomer will inevitably cause the occurrence of side reactions. The
presence of oxygen atoms may also cause the oxidation of the
alkynes and even the production of GDY defects. All these are
obstacles that need to be overcome, and so it is a long journey
to identifying and comprehensively understanding the intrinsic
physical properties of the original GDY. Exploring the application
of carbon–carbon triple bonds and terminal alkynes in various
fields is also of great significance but the corresponding reports
are still scanty at present. Therefore, the characterization and
utilization of carbon–carbon triple bonds and terminal alkynes will
be one of the major goals in the future. The following nonlinear
characteristics and photonics applications related to GDY are worth
considering in future research. First, the nonlinear characteristics
benefit from the tunable bandgap of GDY, so bandgap tuning is a
topic to be investigated. Modifying different superbase groups to
introduce excess electrons and thus adjusting the bandgap of GDY
is an effective way to enhance its NLO response. Secondly, the
broadband Kerr nonlinearity and saturable absorption properties of
GDY make it a promising NLO material for applications such as
optical information converters, modulators and photonic diodes.
Meanwhile, the introduction of chiral groups to further explore its
optical properties has not yet been reported, which is an interesting
and challenging topic. In addition, the introduction of large
p-system molecules and electronic push–pull structures in the
GDY conjugated system is highly significant for the construction
of strong NLO-responsive materials.

In summary, as an emerging two-dimensional material, GDY
has excellent physical and chemical properties that make it
promising for various frontier applications, and GDY and its
derivatives are expected to become a new generation of two-
dimensional optoelectronic materials. We believe that with the
progress of scientific research, GDY will shine in the field of
nonlinear optics and photonics.
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Z. Yang and C. Huang, In situ growth of graphdiyne on
arbitrary substrates with a controlled-release method,
Chem. Commun., 2018, 54, 6004–6007.

53 Z. Zuo, H. Shang, Y. Chen, J. Li, H. Liu, Y. Li and Y. Li, A
facile approach for graphdiyne preparation under atmo-
sphere for an advanced battery anode, Chem. Commun.,
2017, 53, 8074–8077.

54 J. Li, J. Xu, Z. Xie, X. Gao, J. Zhou, Y. Xiong, C. Chen,
J. Zhang and Z. Liu, Diatomite-Templated Synthesis of
Freestanding 3D Graphdiyne for Energy Storage and Cat-
alysis Application, Adv. Mater., 2018, 30, 1800548.

55 J. Li, Y. Xiong, Z. Xie, X. Gao, J. Zhou, C. Yin, L. Tong,
C. Chen, Z. Liu and J. Zhang, Template Synthesis of
an Ultrathin b-Graphdiyne-Like Film Using the Eglinton
Coupling Reaction, ACS Appl. Mater. Interfaces, 2019, 11,
2734–2739.

56 Q. Pan, S. Chen, C. Wu, F. Shao, J. Sun, L. Sun, Z. Zhang,
Y. Man, Z. Li, L. He and Y. Zhao, Direct Synthesis of Crystal-
line Graphtetrayne—A New Graphyne Allotrope, CCS Chem.,
2021, 3, 1368–1375.

57 J. Liu, C. Chen and Y. Zhao, Progress and Prospects of
Graphdiyne-Based Materials in Biomedical Applications,
Adv. Mater., 2019, 31, 1804386.

58 H. Qiu, M. Xue, C. Shen, Z. Zhang and W. Guo, Graphynes
for Water Desalination and Gas Separation, Adv. Mater.,
2019, 31, 1803772.

59 R. Sakamoto, N. Fukui, H. Maeda, R. Matsuoka, R. Toyoda
and H. Nishihara, The Accelerating World of Graphdiynes,
Adv. Mater., 2019, 31, 1804211.

60 C. N. D. Malko, F. Vines and A. Gorling, Competition for
Graphene: Graphynes with Direction-Dependent Dirac
Cones, Phys. Rev. Lett., 2012, 108(8), 086804.

61 H.-J. Cui, X.-L. Sheng, Q.-B. Yan, Q.-R. Zheng and G. Su,
Strain-induced Dirac cone-like electronic structures and
semiconductor–semimetal transition in graphdiyne, Phys.
Chem. Chem. Phys., 2013, 15, 8179–8185.

62 G. Luo, X. Qian, H. Liu, R. Qin, J. Zhou, L. Li, Z. Gao,
E. Wang, W.-N. Mei, J. Lu, Y. Li and S. Nagase, Quasipar-
ticle energies and excitonic effects of the two-dimensional
carbon allotrope graphdiyne: Theory and experiment, Phys.
Rev. B: Condens. Matter Mater. Phys., 2011, 84, 075439.

63 Y. Jiao, A. Du, M. Hankel, Z. Zhu, V. Rudolph and S. C.
Smith, Graphdiyne: a versatile nanomaterial for electronics
and hydrogen purification, Chem. Commun., 2011, 47,
11843–11845.

64 M. Long, L. Tang, D. Wang, Y. Li and Z. Shuai, Electronic
Structure and Carrier Mobility in Graphdiyne Sheet and
Nanoribbons: Theoretical Predictions, ACS Nano, 2011, 5,
2593–2600.

65 Q. Zheng, G. Luo, Q. Liu, R. Quhe, J. Zheng, K. Tang,
Z. Gao, S. Nagase and J. Lu, Structural and electronic
properties of bilayer and trilayer graphdiyne, Nanoscale,
2012, 4, 3990–3996.

66 T. Ohta, A. Bostwick, T. Seyller, K. Horn and E. Rotenberg,
Controlling the Electronic Structure of Bilayer Graphene,
Science, 2006, 313, 951.

67 L. D. Pan, L. Z. Zhang, B. Q. Song, S. X. Du and H. J. Gao,
Graphyne- and graphdiyne-based nanoribbons: Density
functional theory calculations of electronic structures,
Appl. Phys. Lett., 2011, 98, 173102.

68 G. Luo, Q. Zheng, W.-N. Mei, J. Lu and S. Nagase, Structural,
Electronic, and Optical Properties of Bulk Graphdiyne,
J. Phys. Chem. C, 2013, 117, 13072–13079.

69 Z.-Z. Lin, Q. Wei and X. Zhu, Modulating the electronic proper-
ties of graphdiyne nanoribbons, Carbon, 2014, 66, 504–510.

70 N. Ketabi, T. M. Tolhurst, B. Leedahl, H. Liu, Y. Li and
A. Moewes, How functional groups change the electronic
structure of graphdiyne: Theory and experiment, Carbon,
2017, 123, 1–6.

71 A. Mohajeri and A. Shahsavar, Li-decoration on the edge
oxidized graphyne and graphdiyne: A first principles study,
Comput. Mater. Sci., 2016, 115, 51–59.

72 B. Mortazavi, M. Shahrokhi, M. E. Madjet, T. Hussain,
X. Zhuang and T. Rabczuk, N-, B-, P-, Al-, As-, and Ga-
graphdiyne/graphyne lattices: first-principles investigation
of mechanical, optical and electronic properties, J. Mater.
Chem. C, 2019, 7, 3025–3036.

73 X. Li and S. Li, Investigations of electronic and nonlinear
optical properties of single alkali metal adsorbed graphene,
graphyne and graphdiyne systems by first-principles cal-
culations, J. Mater. Chem. C, 2019, 7, 1630–1640.

74 Y. Moriya, T. Takata and K. Domen, Recent progress in
the development of (oxy)nitride photocatalysts for water
splitting under visible-light irradiation, Coord. Chem. Rev.,
2013, 257, 1957–1969.
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