
Cao et al. 2023 | https://doi.org/10.34133/ultrafastscience.0018 1

RESEARCH ARTICLE

Broadband Diffractive Graphene Orbital Angular 
Momentum Metalens by Laser Nanoprinting
Guiyuan  Cao1,3, Han  Lin2,3*, and Baohua  Jia2,3*

1Centre for Translational Atomaterials, School of Science, Swinburne University of Technology,  John Street, 

Hawthorn, VIC 3122, Australia. 2School of Science, RMIT University, 124 La Trobe Street, Melbourne, 

Victoria, 3000, Australia. 3The Australian Research Council (ARC) Industrial Transformation Training 

Centre in Surface Engineering for Advanced Materials (SEAM), RMIT University, 124 La Trobe Street, 

Melbourne, Victoria, 3000, Australia.

*Address correspondence to: han.lin2@rmit.edu.au (H.L.); baohua.jia@rmit.edu.au (B.J.)

Optical beams carrying orbital angular momentum (OAM) play an important role in micro-/nanoparticle 
manipulation and information multiplexing in optical communications. Conventional OAM generation 
setups require bulky optical elements and are unsuitable for on-chip integration. OAM generators based on 
metasurfaces can achieve ultracompact designs. However, they generally have limited working bandwidth 
and require complex designs and multistep time-consuming fabrication processes. In comparison, 
graphene metalenses based on the diffraction principle have simple designs and can be fabricated by 
laser nanoprinting in a single step. Here, we demonstrate that a single ultrathin (200 nm) graphene OAM 
metalens can integrate OAM generation and high-resolution focusing functions in a broad bandwidth, 
covering the entire visible wavelength region. Broadband graphene OAM metalenses with flexibly 
controlled topological charges are analytically designed using the detour phase method considering 
the dispersionless feature of the graphene material and fabricated using ultrafast laser nanoprinting. The 
experimental results agree well with the theoretical predictions, which demonstrate the accuracy of the 
design method. The broadband graphene OAM metalenses can find broad applications in miniaturized 
and integrated photonic devices enabled by OAM beams.

Introduction

Optical vortex beams (OVBs) are optical light beams carrying 
orbital angular momentums (OAMs), which have been studied 
for decades since their discovery by Allen et al. [1] in 1992. 
An OVB has a helical wavefront with the phase expressed as 
exp(ilφ), where φ is the azimuthal angle in the plane, and l is 
the topological charge. l can be any value between −∞ and +∞, 
the sign of which decides the handiness of the OAM. OAM 
beams carrying different integer topological charges are inherently 
orthogonal to each other, which enables a new degree of free-
dom for information encoding, data storage, and mode division 
multiplexing [2]. In addition, the helical wavefront results in a 
doughnut intensity profile of an OAM beam due to the destruc-
tive interference at the beam center, which provides a gradient 
force for trapping particles [3]. As a result, OAM beams have 
demonstrated broad applications, such as optical data storage 
[4], quantum information processing [5,6], optical communi-
cations [7], super-resolution imaging [8], and optical trapping 
[9] and manipulations [10,11]. Thus, developing simple and 
flexible methods and devices to generate optical OAM beams 
is highly desirable.

Various approaches and devices for OAM beam generation 
have been demonstrated, such as cylindrical lens mode convert-
ers [12,13], spatial light modulators [14], computer-generated 

holograms [15], and so on. These solutions have successfully 
generated different kinds of high-quality OAM beams and 
played a crucial role in both fundamental research and appli-
cations. However, the bulky volume and the cumbersome 
systems of these conventional OAM beam generators greatly 
limit their applications in integrated and miniaturized optical 
or photonic devices. Recently, new methods and devices based 
on periodically arranged 2-dimensional (2D) nanostructures, 
namely, metasurfaces [16–18], have been proved useful to 
achieve ultrathin and integratable OAM beam generators for 
high-quality OAM beams. However, they generally require 
complex and time-consuming iterative design methods to 
achieve accurate wavefront control [19,20], particularly in 
designing broadband metasurface lenses [21,22]. On the other 
hand, they also require multistep vacuum-based nanofabrica-
tion [23,24], including chemical vapor deposition, electron 
beam lithography, and pattern transfer processes [25,26], which 
are high-cost and time-consuming. Moreover, the metasurface 
structure designs have a relatively low tolerance for fabrication 
errors, especially for broadband designs.

In comparison, graphene metalenses with simple designs 
are based on the simultaneous phase and amplitude modula-
tions enabled by a one-step laser nanoprinting [27–30]. They 
have demonstrated unique advantages of high-spatial-resolution 
focusing capability, ultrabroad working bandwidth, strong 
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mechanical strength, and resilience to harsh environment 
[31–33], which make them a promising candidate for diverse 
applications, including biomedical, integrated photonics, and 
optical communications [27,34–36]. Different from conven-
tional materials, which can provide either amplitude or phase 
modulations, graphene materials can simultaneously manipu-
late the amplitude and phase of a light beam [31,37], allowing 
high flexibility and accuracy in the lens design to achieve 
desired focal intensity distributions. In our previous study, it 
has been demonstrated that graphene metalenses can be ana-
lytically designed using the Rayleigh–Sommerfeld and detour 
phase methods to achieve 3-dimensional (3D) light focusing 
without an iterative optimization process [33,38]. In addition, 
the designed graphene metalenses can be fabricated in a single 
step using a low-cost and scalable laser nanoprinting technique 
[39,40]. Therefore, graphene metalenses have attracted substan-
tial research attention [41,42]. However, graphene metalenses 
with OAM beam generation and focusing functions using 
simultaneous phase and amplitude modulations have remained 
undeveloped.

This work proposes and demonstrates a new graphene 
metalens that can focus broadband OAM beams. The metalens 
is analytically designed using the detour phase technique, 
which combines a lens phase for focusing and a spiral phase 
for OAM generation. Therefore, the topological charge and the 
focal position of the generated OAM beam can be flexibly con-
trolled. The designed metalenses are fabricated using ultrafast 
laser nanoprinting. The experimental focusing intensity distri-
butions almost reproduce the theoretical predictions using the 
Rayleigh–Sommerfeld diffraction theory [38]. The demon-
strated ultrathin graphene OAM metalenses provide a simple 
and cost-effective approach to achieve highly integrated and 
high-resolution OAM beam focusing. They will find broad 
applications in optical beam and particle manipulations, data 
storage, quantum information processing, and mode multi-
plexing communications in integrated photonic devices.

Materials and Methods
Spiral structures have been frequently employed as OAM gen-
erators [43]. However, these designs yield propagating OVBs 
instead of tightly focused OVBs that are essential for optical 
trapping and manipulation. Our graphene OAM metalens can 
tightly focus broadband optical plane waves into OVBs with a 
doughnut-shaped focal spot. The schematic of the broadband 
graphene OAM metalens design is shown in Fig. 1. The black 

spiral lines represent a reduced graphene oxide (rGO), and 
other parts represent a graphene oxide (GO) film [31]. The 
intensity and phase distributions in the focal region are shown 
in the insets. The graphene OAM metalens is designed using 
the detour phase technique to combine a lens phase for focusing 
and a spiral phase for OAM generation. Therefore, the focal 
positions and topological charges of tightly focused OVBs can 
be independently designed and flexibly controlled in a single- 
graphene OAM metalens.

The detour phase technique is a method to modulate the 
wavefront by slightly changing the lateral locations of the aper-
tures in the pupil plane [41,44], which has been widely used in 
holography [45], optical signal processing [46], and lens design 
[33]. The detailed design process is as follows. First, a graphene 
metalens with a focal length of f is targeted, consisting of con-
centric annular rGO rings, as shown in Fig. 2 (a2). To achieve 
constructive interference in the focal region, the radii of each 
ring can be expressed as rn =

√

nf�, where n is an integer and 
λ is the wavelength of the incident beam [38,47]. This design 
allows the metalens to work in a broad wavelength region. On 
the other hand, to generate an OAM with a topological charge 
l, the phase distribution of the spiral phase can be expressed by 
the following equation:

According to the detour phase technique, the lateral shift of 
the ring position can be defined as a function of the desired 
phase value:

where ∆φ is the phase modulation between GO and rGO zones, 
derived from the decrease in film thickness, and the refractive 
index increases when GO is reduced to rGO via the photore-
duction process of the laser nanoprinting [27,29]. Because of 
the large refractive index difference between GO and rGO, only 
a very thin (200 nm) layer of GO is required to achieve the 
desired phase modulation after laser reduction, making the 
designed OAM metalens superior for various integrated pho-
tonic applications.
The graphene OAM metalens design process is shown in Fig. 
2A, where the 3 insets (a1, a2, and a3) are under the same 
coordinate system. When adding a phase ϕ(x, y) + ∆φ to the 
graphene metalens in a1 (the topological charge is 3), this phase 
ϕ(x, y) + ∆φ at point (x, y) will lead to a location shift Δd(x,y), 
which will result in the shift of point (x, y) in the graphene 
metalens plane to point (x′, y′) along the red dashed line. 
Therefore, a corresponding lateral shift Δd(x,y) will be applied 
to the annular ring’s radius rn(x,y) in the graphene metalens. 
Moreover, a new structure, namely, the graphene OAM metalens, 
can be obtained as shown in Fig. 2 (a3). The new radii become:

Here, Rn(x′, y′)=
√

x�2 + y�2, rn(x, y) = 
√

x2 + y2.
Furthermore, considering the paraxial approximation of the 

lens design theory [48], sin
�

atan

�

√

x2 + y2∕ f
� �

  in Eq. 1 can 

�
(

x,y
)

= l ∗ atan
(

y∕x
)

.
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(2)Rn

(
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Fig.  1.  Conceptual design of a broadband graphene OAM metalens that focuses 
different wavelengths at different positions with desired topological charges.
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be approximated to 
√

x2 + y2∕ f , and the relationship between 
focal length f and wavelength λ for a graphene metalens can be 
expressed as f = R/λ, where R is a constant related to the radius 
of the graphene metalens [41,49]. Therefore, the equation of 
position shift Δd(x, y) can be simplified as:

From Eq. 3, it is easy to find out that the ring position shift is 
only related to the coordinate position and the radius of the 
graphene metalens. Therefore, the new radii Rn(x′, y′) are not 
affected by wavelength, which grants graphene OAM metalens 
broadband working capability under the paraxial approxima-
tion. As shown in Fig. 2 (b1) and (c1), by using this approach, 
we designed 2 graphene OAM metalenses (l = 1 and l = 3) 

working at 633 nm. The focal length and the diameter of both 
metalenses are 200 μm.

Results
Laser nanoprinting [29,50] using a femtosecond laser (220-fs 
pulse width at 515 nm; NanoPrint3D, Innofocus Photonics 
Technology) was used to fabricate the 2 graphene OAM 
metalenses on a 200-nm-thick GO film, prepared by using the 
filtration method [51]. More importantly, femtosecond laser 
nanoprinting [52–54] can achieve higher resolution and 
well-controlled structures by the multiphoton effect with mini-
mized heat generation, which makes it significantly different 
from laser processing with continuous wave, picosecond, or 
nanosecond lasers relying on heat generation. The microscopic 
images of the fabricated metalenses are shown in Fig. 2 (b2) 
and (c2). The structure morphologies of these 2 graphene OAM 

(3)Δd
�

x,y
�

= mod
�

�
�

x,y
�

+ Δ�,2�
�

. ∗
R

2�
√

x2 + y2
.

Fig. 2. Schematics of a graphene OAM metalens combining a graphene metalens with the spiral phase of a topological charge l = 3 based on the detour phase method. (a1) 
Spiral phase with l = 3. (a2) Schematic of a graphene metalens. (a3) Schematic of a graphene OAM metalens. Structure design (b1) and microscopic image (b2) of a fabricated 
graphene OAM metalens with a topological charge of 1. Structure design (c1) and microscopic image (c2) of a fabricated graphene OAM metalens with a topological charge 
of 3. (d1 and d2) Optical profiler images of the fabricated graphene OAM metalens in b2 in the red and black rectangles and cross-sectional plots marked by the black dashed 
lines. (e1 and e2) Optical profiler images of the graphene OAM metalens in c2 in the red and black rectangles and cross-sectional plots marked by the black dashed lines.
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metalenses were measured using an optical profiler. The images 
shown in Fig. 2 (d1), (d2), (e1), and (e2) are the structures in 
the areas marked by the red and black rectangles, respectively. 
In addition, the line graphs in these figures are the cross- 
sectional plots along the black dashed lines. The laser nano-
printing introduces a 100-nm decrease in the GO film thickness 
with a Gaussian profile, which facilitates the desired diffraction 
[31,38]. The width of the Gaussian-profiled rGO lines is 
~0.6 μm as shown in Fig. 2 (e1). It is clearly seen from Fig. 2 
that the fabricated structures almost reproduce the designs with 
well-defined concentric rings and high-resolution patterns 
enabled by the ultrafast nanoprinting process. These accurate 
fabrication outcomes are essential for the precise control of the 
wavefront.

A customized imaging system is used to measure the inten-
sity distributions of these 2 graphene OAM metalenses, as 
shown in Fig. 3. A supercontinuum laser passes a 633-nm filter 
(with a bandwidth of 10 nm), and it is expanded to a beam 
diameter of ~5 mm as the incident beam. The diameter of the 
laser beam is much larger than the diameter (200 μm) of the 
graphene OAM metalenses as a uniform plane wave illumina-
tion. A 4f imaging system composed of a microscopic objective 
(numerical aperture (NA) = 0.8, 100×) and a tube lens (f = 
200 mm) is used to image the focal intensity distributions 
of the metalenses using a charge-coupled device camera. The 
objective is mounted on a high-accuracy 1D piezo scanning 
stage (with an accuracy of 10 nm), which scans along the z axis. 
Therefore, the 3D focal intensity distributions of the graphene 
OAM metalenses can be captured and reconstructed by taking 
a series of images of the intensity distributions in the x–y planes 
along different z positions.

The measured focal intensity distributions at 633 nm are 
shown in Fig. 4 and compared with the theoretical results cal-
culated using the Rayleigh–Sommerfeld diffraction theory [38]. 
The theoretical and experimental intensity distributions in the 
x–y plane of the graphene OAM metalenses with topological 
charges of 1 and 3 are shown in Fig. 4 (a1) and (a2), respectively, 
and the x–y planes are the focal planes corresponding to the 
white dashed lines in Fig. 4 (b1 and b2). The doughnut-shaped 

focal spots at the focal plane can be clearly identified in the 
figures. The intensity distributions (Fig. 4 (b1) and (b2)) in the 
x–z plane demonstrate that the accurate focal length (f = 
200 μm) has been achieved.

From both sets of images, one can see that the experimental 
results agree very well with the theoretical designs, confirming 
the high accuracy of the design method, which can also be 
verified by the cross-sectional intensity plots in Fig. 4 (c1) and 
(c2). Compared to the theoretical results, the background of 
the experimental results is slightly higher due to the scattered 
laser light. In the case of the topological charge of l = 1, the 
diameters of the peak intensity on the doughnuts (marked by 
the black dashed lines in Fig. 4 (c1)) are 0.94 and 1.03 μm in 
theory and experiment, respectively. The deviation is only 8.7%. 
Meanwhile, in the case of l = 3, the diameters are 2.20 and 
2.37 μm in theory and experiment, respectively. The deviation 
is 7.1%. As expected, the larger topological charge l is evidenced 
by the larger doughnut. These small differences between experi-
ments and theory again manifest the design method’s outstanding 
accuracy and the fabrication’s high precision, which can lead 
to the desired high quality of the OAM beams.

To demonstrate the broadband working ability, we selected 
7 filters at central wavelengths of 450, 500, 550, 600, 650, 700, 
and 750 nm. All the filters have a bandwidth of 50 nm. 
Therefore, the 7 filters cover the entire visible wavelength 
region. The graphene OAM metalens focuses the incident 
beams at different wavelengths to different axial positions. The 
position of the metalens is tuned to measure the focal intensity 
distributions. The resulting intensity distributions at different 
wavelengths in the focal planes are shown in Fig. 5. The top 
2 rows are the focal intensity distributions and the cross-sectional 
plots of the graphene OAM metalens with a topological charge 
of l = 1. Meanwhile, the bottom 2 rows show the case of the 
graphene OAM metalens with a topological charge of l = 3. 
The well-defined doughnut-shaped focal spots from both 
metalenses can be clearly identified for all the wavelengths, 
demonstrating the effectiveness and accuracy of our design. 
The diameters (measurement error is ±0.07 μm) of these focal 
spots are listed in Table. As expected, the diameters of the OAM 

Fig. 3. 3D schematic of the imaging system for the characterization of the broadband graphene OAM metalenses. CCD, charge-coupled device.
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beams with l = 1 are smaller than those with l = 3, which 
remain unchanged at different wavelengths, as shown in the 
bottom chart of Fig. 5. The diameter of the doughnut-shaped 
focal spot can be expressed as d = λ/2NA, where NA = Rmax/f 
is the numerical aperture of the metalens. Here, the Rmax is the 
radius of the outmost ring of the metalens. Meanwhile, f = R/λ, 
as we discussed in the previous section, where R is a constant. 
Therefore, d is independent of the incident wavelength λ. As 

a result, broadband working ability in the whole visible band 
of our graphene OAM metalens has been demonstrated 
experimentally.

Conclusion
We have experimentally demonstrated broadband ultrathin 
graphene OAM metalenses with different topological charges 

Fig. 4. Comparison between theoretical and experimental results of the 2 graphene OAM metalenses. The theoretical and experimental intensity distributions in the x–y plane 
of the graphene OAM metalenses with topological charges of l = 1 (a1) and l = 3 (a2). The theoretical and experimental intensity distributions in the x–z plane of the graphene 
OAM metalenses with topological charges of l = 1 (b1) and l = 3 (b2). (c1 and c2) The cross-sectional plots along the white dashed lines in (a1) and (a2), respectively.
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and high-resolution focusing capability. A new method based 
on the detour phase technique and unique optical properties 
of GO has been developed to design the graphene OAM 
metalenses, which can independently control the focusing 
properties and the topological charge of the OAM at the same 

time. The accuracy of the design method is further confirmed by 
high-resolution 3D imaging of the graphene OAM metalenses 
fabricated by laser nanoprinting. Furthermore, the broadband 
ability of our graphene OAM metalens is demonstrated by 
focusing optical light beams at different wavelengths covering 
the entire visible range. Thus, the demonstrated method is versa-
tile in designing different OAM metalenses. Moreover, the 
resulted dual-function graphene OAM metalenses are promis-
ing for broad applications in integrated optical and photonic 
devices using OAM beams. For these applications, such as 
optical trapping and manipulations, optical data storage, and 
quantum information processing, a smaller diameter of the 
doughnut-shaped spot is desired as it will be very useful to 
improve their performance. The design principle of graphene 
OAM metalens is based on the combination of graphene 
metalens and spiral phase loading. Therefore, the methods that 

Fig. 5. The experimental measured focal intensity distributions of the 2 graphene OAM metalenses working at different wavelengths. The first row is the focal intensity 
distribution of the graphene OAM metalens with l = 1, and the second row is the cross-sectional plots along the white dashed lines in the first row. The third row is the focal 
intensity distribution of the graphene OAM metalens with l = 3, and the fourth row is the cross-sectional plots along the white dashed lines in the third row. The chart shows 
the unchanged diameter of the doughnut-shaped focal spots for both l = 1 and l = 3 with different incident wavelengths.

Table. The diameter (μm) of the doughnut-shaped focal spot.

450 
nm

500 
nm

550 
nm

600 
nm

650 
nm

700 
nm

750 
nm

l = 1 1.12 1.16 1.16 1.16 1.13 1.17 1.13

l = 3 2.12 2.19 2.12 2.09 2.19 2.23 2.16
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improve fabrication, increase the metalens size, or use other 
2D materials with higher refractive index contrast are possible 
to reduce the doughnut-shaped spot size to a certain extent. 
However, the minimum diameter of the doughnut-shaped spot 
of graphene OAM metalens follows the diffraction limit, which 
means that there is a minimum size. To further reduce the spot 
size, the new design method should be proposed and imple-
mented, maybe the combination of super oscillation metalens 
and spiral phase loading is one of the possible methods.
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