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Diffractive photonic applications mediated by laser  
reduced graphene oxides
Sicong Wang1, Xueying Ouyang1, Ziwei Feng1, Yaoyu Cao1, Min Gu2* and Xiangping Li1* 

Modification of reduced graphene oxide in a controllable manner provides a promising material platform for producing
graphene based devices. Its fusion with direct laser writing methods has enabled cost-effective and scalable production 
for advanced applications based on tailored optical and electronic properties in the conductivity, the fluorescence and the 
refractive index during the reduction process. This mini-review summarizes the state-of-the-art status of the mechanisms 
of reduction of graphene oxides by direct laser writing techniques as well as appealing optical diffractive applications 
including planar lenses, information storage and holographic displays. Owing to its versatility and up-scalability, the laser 
reduction method holds enormous potentials for graphene based diffractive photonic devices with diverse functionalities.
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Introduction 
Graphene1, 2, an allotrope of hexagonal lattice carbon ma-
terials with peculiar electronic and optical properties, 
emerges as an entirely new material platform for rapid 
developments of advanced optoelectronic devices. 
Graphene oxide (GO) known as a disordered analogue of 
graphene, is attracting intense research efforts owing to 
its appealing characteristics and the capability of conver-
sion back to graphene3, 4. The atomic structure of reduced 
graphene oxide (rGO) is similar to that of graphene ex-
cept decorated with structural defects and residual oxy-
gen- containing groups. Therefore, rGO emerges as a 
straightforward approach for scalable and facile produc-
tion of graphene-based materials even though it exhibits 
slightly different electronic and optical properties. In this 
regard, it has compelled onrushing developments of re-
duced-graphene-oxide-based devices including flexible 
circuits5-7, super-capacitors8-10, sensors11, 12, planar lenses13, 
information storage and displays14, 15. 

The atomic structure of GO is different from graphene. 
Even though with disorder and presence of defects due to 
oxygen-containing species at the edges or at the basal 
plane, the hexagonal lattice of crystalline graphene is pre-
served in GO16-18, as illustrated in Fig. 1. As a consequence, 

a unique set of physical characteristics stems from the 
mixture of sp2 and sp3 hybridization. During the reduc-
tion process of GO, the absence of oxygen groups leads to 
the creation of new sp2 clusters and partly recovers opto-
electronic properties of graphene. In particular, tailoring 
the electronic and optical properties of rGO through a 
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Fig. 1 | (a) The chemical structure of a monolayer graphene oxide 

adapted from the Lerf-Klinowski model18. (b) GO flakes prepared in 

water solution exhibit brown color before photoreduction and 

transform into dark color after photoreduction. 
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variety of reduction methods has aroused a research up-
surge by precisely manipulating reduction extents of 
GO19-21. In stark contrast to existing reduction methods 
by reactive chemicals and heat, direct laser reduction is 
particularly intriguing as it allows in-situ and one-step 
fabrications of rGO-based devices by removing the ne-
cessity of additional transfer of rGO films to the substrate. 
Most importantly, it enables tunable optoelectronic prop-
erties of rGO with a high spatial resolution by precisely 
controlling the extent of reduction, thus making it a flexi-
ble approach for various optical applications with diverse 
functionalities.  

Even though tremendous progresses have been made 
in producing laser-reduced GO as well as its applications 
to various optoelectronic devices5-10, the understanding of 
the interactions between laser beams and GO is still in its 
infancy. In addition, the chemistry and atomic structure 
of GO are much more complex than the monolayer 
graphene, with a wide variability of species and distribu-
tion of the defects. More optoelectronic devices or appli-
cations with advanced functionalities based on rGO are 
yet to be demonstrated. Nevertheless, great endeavors 
have been devoted to novel applications of laser-reduced 
GO. In this article, the recent progress specific to la-
ser-reduced GO is reviewed. Firstly, optical properties of 
GO and rGO are discussed in addition to their character-

ization methods. Secondly, fundamentals and mecha-
nisms of laser reduction of GO are discussed in details. 
Finally, we survey the recent work of photonic applica-
tions based on laser-reduced GO. 

Optical properties and characterization of 

rGO 

Fundamentally different from graphene, the oxygen- 
containing-group-induced heterogeneous atomic and 
electronic structures in GO and rGO lead to inconceiva-
ble optical properties, denoting a broad fluorescent emis-
sion band in the visible range22-24. It is generally believed 
that the fluorescence emission in GO and rGO is mainly 
ascribed to the recombination of electron-hole pairs in 
localized states due to the presence of oxygen-based de-
fects, rather than from band-edge transitions in typical 
semiconductors19, 24. The fluorescence in GO can be tuna-
ble from ultraviolet to near infrared depending on the 
size of sp2 clusters19, 24, and the quantum efficiency can be 
as high as 6.9%25. The reduction of GO is able to partly 
recover the structure of graphene by removing oxygen- 
containing functional groups, which gives rise to a re-
duced fluorescence intensity, as shown in Fig. 2a. Even 
though the insights into the mechanisms of fluorescence 
in GO remain unclear, the tunable fluorescence from GO 

a

Fig. 2 | (a) GO exhibits a broadband fluorescence emission ranging from 550 nm to 750 nm. rGO displays similar fluorescence emission but 

with a reduced intensity14. (b) Dispersion relations of refractive indices and extinction coefficients of GO and rGO films26. (c) Raman spectra of 

GO before and after reduction exhibit prominent peaks at D (1354 cm-1) and G (1599 cm-1) bands14. XPS spectra of GO before (d) and after 

reduction (e)15. 
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opens up a number of exciting optical applications for 
graphene-based materials22. 

The investigation into the linear dispersion of mono-
layer GO and rGO remains sparse. In addition to the 
complexity of their atomic structures, the interlayer in-
teractions between covalently bonded oxygen-containing 
groups restrain the insights into the linear dispersion of 
monolayers. Nevertheless, the linear dispersion relations 
have been experimentally studied in GO and rGO thin 
films composed of multilayers of nano-flakes26. GO film 
shows an almost dispersionless feature with a refractive 
index around 2.0 and a constant extinction coefficient 
above 400 nm. The strong interband absorption in the 
UV range leads to a drastic decrease in refractive index 
and a notable rise in the extinction coefficient. During 
the reduction process, increased relative fractions of sp2 
clusters, changes of the electronic structure, and hence 
the modulations of optical properties are direct conse-
quence of the removal of oxygen-containing groups. As 
shown in Fig. 2b, the conversion from GO to rGO results 
in a remarkable increase in the refractive index and the 
extinction coefficient which generally resembles 
graphene. 

Raman spectroscopy is an indispensable and noninva-
sive method to study the atomic structure, chemical 
bonds and disorder of rGO27. Generally, three distinctive 
peaks around to D (1333 cm-1), G (1578 cm-1) and 2D 
(2682 cm-1) modes, respectively, are the prominent fea-
tures in the Raman spectrum of graphene and its deriva-
tives. The D band is sensitive to the structural disorder in 
sp2 hybridized carbon systems, which is widely utilized to 
characterize the level of disorder in graphene, while the G 
band denotes Raman signature of the vibration of sp2 
bonded carbon atoms. The 2D mode is the most salient 
signature in single-layer graphene, which is not a com-
mon characteristic in rGO. Hereby, the relative ratio be-

tween the D and G modes (ID/IG) is widely utilized as a 
reliable recognition of reduction of GO, as shown in Fig. 
2c. Since the electrical and optical properties of GO and 
rGO are largely determined by the sp2 π-electron scarbon 
networks28, additional recognition of the fraction of sp2 
bonding can be provided by X-ray photoelectron spec-
trometry (XPS) for insights into structure-property rela-
tionships during the reduction process29. Figure 2d de-
picts a typical example of XPS results for GO before and 
after reduction. The deoxygenation by the reduction pro-
cess can be evidently observed through a remarkable 
suppression of the C–O–C (286 eV), C=O (287 eV) and 
OH–C=O (288.5 eV) bonds, which implies a partial res-
toration of the pure C–C/C=C bond towards graphene.  

Direct laser reduction 
The reduction of GO by chemical reagents such as hydra-
zine was reported even before the discovery of graphene30. 
Reduction by strong reductants of different species pro-
vides a cost-effective and facile method for the scalable 
production of rGO. Alternative approach to eliminate the 
oxygen-containing groups in GO and massively produce 
rGO is heat treatment. Researches show that the reduc-
tion of GO can be achieved once the temperature exceeds 
200 ℃31, 32, and moreover, the reduction extent can be 
enlarged by elevating the reaction temperature. However, 
these methods generally involve multiple steps in the fab-
rication of rGO-based devices as additional transfer from 
the rGO film to the substrate is imperative, which tram-
mels their device applications. 

A high-temperature deoxygenation process can also be 
achieved by direct laser reduction including continuous 
wave (CW) or pulsed laser illuminations at high repeti-
tion rates, which enables to produce rGO and simultane-
ously pattern rGO-based devices (Fig. 3). Irradiated by a 
CW laser beam at the wavelength of 633 nm multi-layer 

Fig. 3 | (a) Schematic illustration of photoreduction and patterning of GO through direct laser writing techniques. Optical microscopic images of 

patterned rGO samples by femtosecond-pulsed laser beams with a high repetition rate of 80 MHz (b)6 and highly spatially confined reduction 

by single femtosecond pulses (c). 
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rGO under nitrogen protection has been obtained with 
the DLW technique33. The absorbed photon can be effi-
ciently converted into heat for a focal temperature rise 
exceeding a few hundred degrees, which leads to the de-
composition of oxygen-containing groups. Patterning GO 
while simultaneous photothermal reduction can also be 
realized at the focus of helium ion beams at ambient en-
vironment with the maskless laser lithography tech-
nique34. Later, a facile LightScribe method by a DVD op-
tical drive operating at the near infrared wavelength of 
788 nm was successfully employed to reduce GO and 
even make greyscale patterns8, 35. However, strong 
photothermal effect induced by the tightly focused CW 
beams often diffuses out of the focal region, which leads 
to the characteristic reduction size on the order of tens of 
microns significantly larger than the diffraction-limited 
region. 

Microscale or nanoscale rGO-based devices with ad-
vanced functionalities generally require complex patterns 
demanding fabrication with high spatial resolution and 
fine feature sizes. In this regard, a high-repetition-rate 
pulsed laser beam can produce cumulative heating effects 
only within the confined focal region and hence make 
pattering rGO with an improved spatial resolution, which 
emerges as an expanding research topic. Based on a nu-
merical modeling of accumulative temperature effects, 
the focal temperature of GO can be raised up by 500 ℃ 
by successive laser pulses at a fluence of ~2nJ/cm2 within 
a few milliseconds, which suffices to initiate the reduction 
of GO15. The reduction of GO under nitrogen protection 
irradiated by intense picosecond pulsed beams has been 
investigated at the wavelength of 1064 nm36. In particular, 
a remarkably improved feature size of 500 nm of the pat-
terned rGO circuits could be achieved by using quasi- 
continuous (repetition rate = 80 MHz) focused femto-
second pulses at the wavelength of 790 nm6.  

In general, electronic excitation effect by absorbing the 
ultrashort femtosecond pulse is prompt and dominant in 
the first several picoseconds, which weakens the C–O 
bonds close to the top of the valence band and triggers 
the subsequent deoxygenation process. The non-radiative 
relaxation of carriers introducing thermal effects takes 
place after 100 picoseconds approximately. Thus, in prin-
ciple, athermal photoreduction of GO by a single 
ultrashort pulse is possible as long as the photon is ener-
getic enough beyond the reduction threshold around 3.2 
eV37 and hence cumulative thermal effects can be tempo-
rally eliminated. Based on this expectation, single femto-
second pulse induced athermal photoreduction of GO at 
subwavelength scale through a nonlinear-absorption 
process has been successfully demonstrated15. In order to 
verify the athermal nature of the observed 
photoreduction, spherical fluorescent CdSe nanoparticles 
were employed as nanothermometers to monitor the 
temperature increase within the focal region. The elec-
tronic excitation nature by ultra-short single pulses can-

not only restrict the reduction within each diffraction- 
limited focal spot by removing undesired reductions as-
cribed to the diffusion of cumulative heating, but also 
enable a finely controllable means of modulating the ex-
tent of the reduction for a tunable dispersion by the in-
tensity of the irradiance.  

Diffractive photonic applications 
The facile laser reduction method allows exquisite control 
over both the structures and compositions of rGO, and 
hence direct patterning rGO-based photonic devices with 
tunable physical properties which are desired for versatile 
functionalities. With the rapid development of la-
ser-induced reduction of GO, it has motivated broad in-
terests expanding from electronic to optical applications, 
such as sensors, batteries, photovoltaic devices, and ul-
trathin polarizers26, 38. As one crucial branch among these 
brilliant applications, the diffractive photonic applications 
of the rGO-based photonic devices are concretely intro-
duced as follows. 

Information storage 
The need for ever increasing amounts of information 
storage capacity compels the development of 
three-dimensional (3D) optical memories based on the 
localized modulations on physical properties of recording 
materials such as refractive index and fluorescence39, 40. 
The intrinsic fluorescence ranging from the visible to the 
NIR region makes GO intriguing for applications in 3D 
optical data storage. In particular, the deoxygenation by 
the photoreduction process results in a structural restora-
tion towards graphene and a diminished fluorescence 
intensity, which therefore provides a stark contrast at the 
subwavelength scale for recording and retrieving infor-
mation. A femtosecond-pulsed laser beam with central 
wavelength around 800 nm was introduced for the non-
linear reduction of fluorescent GO dispersed into a poly-
mer matrix. Figure 4 depicts that photoreduction induced 
by nonlinear absorption significantly inhibits in the fluo-
rescence intensity from 550 nm to 750 nm of the rGO, as 
the heterogeneous electronic and atomic structures asso-
ciated with the oxygen-containing functional groups are 
gradually removed. Almost completely suppressed fluo-
rescence emission is observed once the laser beam ex-
ceeds 8 mW. The spatially confined reduction allows to 
record multilayer patterns composed of arrays of binary 
information which can be retrieved back distinctively 
based on the stark contrast in two-photon fluorescence 
(Fig. 4a). An equivalent density up to 0.2 Tbitscm-3 has 
been demonstrated based on the lateral bit size of 1.5 μm 
and the layer separation of 20 μm14.  

Since the extent of reduction and the consequent 
atomic structures, the transmission and the extinction 
coefficients of rGO can be reliably controlled in a repro-
ducible manner by varying pulse energies and exposure 
times, patterning complex and grayscale photographs are 
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even possible. Large scale and high quality GO thin film 
was prepared through drop-casting onto a LightScribe- 
enabled DVD disk. By establishing the relationship 
amongst the decreased transmission in rGO and the laser 
intensity, different levels of grayscale and black colors can 
be generated. Employing this facile laser scribing tech-
nique, Strong et al. has successfully demonstrated a deli-
cate image of a man's head with circuits as shown in Fig. 
4b35.  

 
Planar lens 
In light of their ultra-compact footprint and high 
integratability, tremendous research efforts have been 
devoted to the development of planar lenses, such as 
plasmonic lenses, superlenses and meta-lenses41, 42. In this 
regard, the tunable linear dispersion of patterned rGO 
realized by direct laser writing techniques could provide a 
promising platform for light-weight and flexible planar 
lenses. Zheng et al. demonstrated an ultrathin planar lens 
patterned in a 200 nm thick GO film, which exhibits 

far-field 3D subwavelength focusing capability with an 
efficiency greater than 32% for a broadband ranging from 
400 to 1500 nm13. The exposure of the GO film to the 
intense femtosecond pulse irradiation leads to a gradual 
decrease in the film thickness, accompanied by an aug-
ment in both the refractive index and absorption coeffi-
cient. Figure 5 presents a Fresnel-type planar lens which 
is composed of several interleaved sub-micrometer con-
centric rings of GO and rGO. Ideally, the lens design re-
lying on the constructive and destructive interferences 
within the focal region requires the phase difference be-
tween adjacent rGO and GO zones equal to π for a high 
focusing efficiency. Even though the phase difference is 
smaller than π, the amplitude modulation resulted from 
the concomitant augments in extinction coefficients takes 
the responsibility to intensely enhance the focusing effi-
ciency over a broad bandwidth. Most importantly, the 
excellent mechanical robustness of GO films maintains 
the optical performance after bending, making them 
promising candidates for flexible devices.  

Fig. 4 | (a) Retrieved fluorescence image of two patterns recorded through two-photon photoreduction in two layers in GO-polymer sample 

separated by a spacing of 20 μm. The scale bar is 10 μm14. (b) A complex grayscale photograph patterned through LightScribe methods35.
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Fig. 5 | (a) Schematic illustration of the laser-patterned rGO planar lens13. (b) Topographic profile of the rGO planar lens prepared by direct 

laser writing methods13. (c) Simulated and experimental results of the intensity distributions of the focal field in the lateral and axial directions13.
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Holographic display 
Owing to its capability to mold arbitrary wavefronts with 
full information including phase and amplitude to recon-
struct real 3D images, holographic display has received 
tremendous research attentions. The continuously tuna-
ble phase modulation at the subwavelength scale holds a 
key to the physical realization of holographic 3D images 
with high efficiencies and wide angles, which impulses 
the onrushing development of metasurface holograms 
based on noble metals43-45. The highly spatial confinement 
and continuously tunable linear dispersion resulted from 
the controllable reduction by the laser intensities open 
new avenues for holographic displays based on rGO.  

A gigantic refractive index modulation up to 10-1 re-
sulted from the intrinsic atomic structure change from 
GO to rGO has been observed under the irradiance of 
femtosecond pulses14, 15. Such a large refractive index in-
crement enables a multilevel phase modulation by ex-
quisitely controlling the irradiance. Computer-generated 
phase hologram of a planar pattern of a kangaroo is digi-
talized into arrays of discrete levels according the estab-
lished relationship of the pulse energies. Then, the phase 
pattern is recorded by synergistically moving the GO- 
dispersed sample with respect to the focal spots with var-
iant intensities to produce corresponding phase modula-

tions. The image can be clearly reconstructed with a dif-
fraction efficiency greater than 15% by using a low-power 
He-Ne laser beam14.  

In addition, the athermal photoreduction by single 
femtosecond pulses enables a highly spatially confined 
refractive index change for recorded holograms with a 
subwavelength scale phase modulation, thus wide view-
ing angles and full-depth perceptions of the reconstructed 
image are feasible. A viewing angle up to 52 degrees has 
been experimentally demonstrated at a pixel size reduced 
to 0.55 μm, which transcends the current state of the art 
by liquid-crystal based spatial light modulators by one 
order of magnitude. The real images of the reconstructed 
objects, two teapots floating above the rGO hologram, are 
acquired by the CCD focusing at different depth, as 
shown in Fig. 6. Remarkably, full color 3D images can be 
reconstructed based on the appealing feature of the spec-
trally-insensitive refractive-index modulation of rGO. By 
utilizing a wavelength-multiplexed phase hologram ap-
proach with certain angular offsets at the corresponding 
wavelengths of 405, 532 and 632 nm, respectively, 
full-color images can be vividly viewed. Figure 6e depicts 
the reconstructed image of two balloons composed of 
primary colors, which are observed vividly from the mul-
tiplexed hologram based on rGO15.  

Translation 

GO rGO

π/∆n 
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Color image 

Wavelength- 
multiplexed 
phase hologram 
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b c

d e

Fig. 6 | (a) Schematic illustration of subwavelength scale and continuously tunable phase modulation in rGO holograms for full-color 3D displays 

achieved by exquisitely controllable photoreduction15. (b) Photograph of a rGO hologram recorded in a GO-dispersed sample15. (c) The optical 

image of the rGO holograms generated by laser reduction14. (d) CCD-captured images by focusing at different depths of reconstructed 3D 

objects, two teapots15. (e) Reconstructed color images of two balloons by rGO-polymer holograms through wavelength multiplexing15. 
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Conclusions and outlook 
In this paper, we have reviewed the state-of-the-art de-
velopments in laser-reduced GO as well as its application 
in photonic devices. By removing the necessity of addi-
tional film transfer of prepared rGO to the substrate, the 
laser reduction method allows in-situ and one-step fabri-
cations of rGO-based devices, which is particularly intri-
guing. For comparison with other approaches such as 
chemical or high temperature thermal annealing treat-
ments, the laser reduction method is facile, cost-effective 
and up-scalable. Even though a rapid development in this 
field has been achieved, completely restoring the sp2 car-
bon network and recovering the physical properties of 
graphene have never been achieved yet by laser reduction 
methods. This is largely attributed to the structural de-
fects inheriting from the chemically prepared GO, which 
cannot be cured by laser reduction. Moreover, the com-
plexity and uncertainty of the species and distributions of 
oxygen-based groups beset the insights and quantified 
understanding into the structure itself. Nevertheless, the 
versatile beam parameter control enables to tailor the 
optoelectronic properties of rGO, such as tunable disper-
sion and modulated fluorescence, and hence, making it 
an exceptional integratable platform for the 
next-generation photonic applications with diverse func-
tionalities46,47. Likely, full use of rGO in various scientific 
and industrial fields with the help of direct laser writing 
techniques is eminently feasible in the near future.  
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