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Abstract. In this paper we are molding the phase profile of a Gaussian

beam in order to achieve a phase singularity called optical vortex. For this pur-

pose, we apply the beam shaping technique for a 635 nm wavelength radiation

using a diffractive optical element with high diffractive efficiency. We use reflec-

tive spiral phase plates and fork-like computer generated holograms, fabricated

with photolithographic processes and electron beam lithography, respectively.

Uniform ring intensity is achieved in the optical vortex configurations and also

zero intensity where the phase is undefined. Phase singularities interferences are

done using a Michelson interferometer. Beam shaping simulations results based

on the Kirchhoff integral are in concordance with experimental results.
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1. Introduction

The beam shaping technique consists in the redistributing of the intensity and
phase of a laser beam in order to achieve a desired form [1]. The beam form is given
by the intensity distribution profile, whereas the phase establishes the way of beam
propagation. Converting a Gaussian beam into a beam with uniform amplitude and
phase is a typical beam shaping example [2– 4]. In this paper we study the optical
vortex beam shaping which involves a Gaussian beam diffracted by a spiral phase
plate or by a fork-like computer generated hologram. The result consists in uniform
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ring intensity with a dark spot in the middle which corresponds to zero intensity due
to the phase singularity.

The orbital angular momentum, the parameter of a phase singularity, is one of
the most fundamental physical quantities along with energy and momentum in the
classical and quantum electromagnetism [5]. The equation of the orbital angular
momentum, in the vacuum, can be written like this:

M⃗ = ε0r⃗ ×
(
E⃗ × B⃗

)
, (1)

where E⃗ and B⃗ represent electrical and magnetic fields, and ε0 is the vacuum electric
permittivity. The total orbital angular momentum is written:

J = ε0

∫
r⃗ × (E⃗ × B⃗)dr⃗. (2)

In the atomic physics, the canonical form of the photon total orbital angular
momentum, Jphoton, has a spin angular momentum – SAM, Sphoton, and an orbital
angular momentum – OAM, Lphoton [6] as follows:

Jphoton = Sphoton + Lphoton (3)

The SAM is associated with the circular or elliptical polarization, and has ±~
value, where ~ is Planck’s constant h divided by 2π. The positive SAM value indicates
the left polarization whereas the negative SAM value the right polarization [7,8]. The
OAM defines the spatial distribution of the electric field of m~ per photon, where m,
the topological charge, can take any integer value [6, 9]. The OAM carrying beams
have a phase singularity represented through a donut shape or a ring shape. Examples
of these kinds of beams are Laguerre-Gauss beams, Bessel beams, Mathieu beams, and
Ince-Gaussian beams. The optical vortex beams have many technological applications
in areas like optical tweezers [10–12], atom manipulation [13, 14], microscopy [15],
free-space optical communications [16–18], quantum communications [19], laser beam
shaping [20], etc. The methods to generate optical vortices involve the use of spiral
phase plates [21] and computer generated holograms [22].

We used both methods to generate optical vortex configurations. Firstly, we
achieved optical vortices with a well defined topological charge m = 2, m = 4, re-
spectively, using two spiral phase plates (SPPs) which were fabricated with standard
photolithographical processes. The structural and functional characterisation of the
SPPs proved their optical quality. The superposition of an optical vortex with a
Gaussian beam in a Michelson interferometer using the fabricated SPPs was useful to
determine the topological charge value of the phase singularities. Secondly, we gener-
ate optical vortices using a fork-like computer generated hologram (CGH) fabricated
in a EBL process.
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2. Optical vortex beam shaping simulations

We study the optical vortex beam shaping numerically, by diffracting a Gaussian
beam on a spiral phase plate or on a fork-like computer generated hologram using
a MATLAB code. We calculate optical vortex configurations using the Kirchhoff’s
diffraction integral. The electromagnetic field amplitude value at a distance z from the
SPP, or from fork-like CGH, is proportional with the electromagnetic field amplitude
in the SPP or CGH plane. The equation (4) shows the relation between the electro-
magnetic field amplitude in a specific point (x, y, z) in the image plane and the am-
plitude distribution G(x′, y′, 0) in the object plane (SPP, or CGH plane). G(x′, y′, 0)
is the electromagnetic field amplitude distribution for a SPP: exp(arctan(y′/x′)), or
in the case of CGH [exp(ikx′) + exp(imθ)]2.

G(x, y, z) = A(x, y, z) eikz
∫∫

A

G(x′, y′, 0) e
−
x′2 + y′2

w2 e
−jk

x′x+ y′y

2z
dx′dy′

. (4)

2.1. Optical vortices generated with SPP simulations

We calculated numerically the spiral phase plate configurations in order to generate
optical vortices with topological charges m = 2, m = 4 respectively, as it can be
observed in Fig. 1. The SPPs were considered as a discrete variation of height in
8 levels and m × 2π phase shifts of the optical path. The number of phase shifts
represents the topological charge of an optical vortex.

a) b)

Fig. 1. Simulated spiral phase plates which generate optical vortices

with topological charge: (a) m = 2; (b) m = 4.

In Fig. 1a 2π phase difference appears between maximum (red color) and minimum
(blue color). In Fig. 1a the SPP has two switches from maximum height to minimum
height which means that a Gaussian beam diffracted by this SPP will generate an
optical vortex with m = 2 topological charge. Likewise the Fig. 1b the four switches
of the SPP from maximum height to minimum height means that a Gaussian beam
diffracted by this SPP will generate an optical vortex with m = 4 topological charge.
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a) b)

Fig. 2. Optical vortex with topological charge m = 2: (a) intensity;

(b) real part of the field.

a) b)

Fig. 2′. Optical vortex with topological charge m=4: (a) intensity; (b) real part of the

field.

Figures 2 and 2′ contain far field images. The distance z from object (SPP) plane
to the image plane is considered much bigger than the size of the SPP. Figures 2a and
2′a represent the intensity of a Gaussian beam diffracted by a spiral phase plate which
generates an optical vortex with m = 2, m = 4 respectively, topological charge. The
ring diameter for m = 4 is larger than that of the ring with m = 2, which proves that
the optical vortex diameter increases with the topological charge. The real part of
the electromagnetic field of the vortex configuration contains the number of minimum
and maximum values of the field. The switch between a maximum and a minimum
value indicates a 2π phase shift. In Fig. 2b there are 2×2π phase shifts, which means
that the optical vortex has a m = 2 topological charge. In Fig. 2′b there are 4× 2π
phase shifts, which means that the optical vortex has a m = 4 topological charge.
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Fig. 3. Radial profile for the maximum intensity for m = 2

– black line, m = 4 – red line.

The intensity is constant in the annular configuration of an optical vortex for a
radial profile. In Fig. 3 it can be observed the maximum intensity with a 0.5485 [a.u.]
constant value for m = 2 topological charge represented by the black line and a 0.4391
[a.u.] constant value for m = 4 topological charge represented by the red line. The
intensity of m = 4 is lower than for m = 2 due to its larger diameter, proportional
with the topological charge, which proves that the power of the beam is conserved.

2.2. Optical vortices generated with fork-like computer generated

holograms (CGHs)

The fork-like computer generated hologram represents the superposition of a plane
wave f1 = exp(ikx), and a helical phase wave f2 = exp(imθ). In the plane wave
formula, k represents the spatial frequency which determines the spatial separation
of the spots in the diffraction pattern. In the case of the helical beam formula, m
represents the number of twists that the beam does in a wavelength of propagation,
which is also called topological charge. θ indicates the azimuthal position and takes
values in the [0, 2π] range. The fork-like computer generated holograms can be
observed in Fig. 4, being calculated numerically using the equation (5):

H = |f1 + f2|2 =
∣∣eikx + eimθ

∣∣2 (5)

The difference between the number of fringes of emerging on the upper side of
the CGH from the central singularity and the ones emerging on the lower side of the
CGH establishes the topological charge of an optical vortex. In Fig. 4a, the fork-like
CGH has three black fringes, so a Gaussian beam diffracted by this diffractive optical
element will generate optical vortices with topological charges ± 2. In Fig. 4b, the
fork-like computer hologram has five bright fringes, so the diffraction pattern will
have optical vortices with topological charges m = ±4.
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a) b)
Fig. 4. Fork-like CGHs which generate optical vortices with topological charge:

(a) m = 2; (b) m = 4.

In Fig. 5, it can be observed a diffraction pattern as a result of a Gaussian beam
and fork-like CGH interaction, containing optical vortices with topological charge
m = ±4. In Fig. 5a is represented the intensity profile having an optical vortex with
m = −4 topological charge in the left side, a Gaussian beam in the centre, and an
optical vortex with m = 4 topological charge in the right side. The real part of these
vortex configurations is represented in Fig. 5b. Both optical vortices have four red
maximum peaks and 4 blue minimum peaks. The difference between the m = −4
optical vortex and the m = 4 optical vortex is the twist direction.

a) b)
Fig. 5. Diffraction pattern of a fork-like CGH with 4 fringes: (a) Intensity; (b) Real part.

The Matlab simulations based on Kirchhoff’s diffraction integral permit the de-
termination of the geometrical parameters necessary for the fabrication process of
the diffractive optical elements presented above (SPP, fork-like CGH). The fabrica-
tion techniques such as photolithography and RIE for the SPP fabrication and EBL
for the fork-like fabrication are reliable. The high quality of the devices is proved
by structural and functional characterisations. The fabrication processes of these
elements are described below.
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3. Fabrication and characterisation of the SPPs

3.1. Fabrication process of the SPPs

A spiral phase plate has a spiral configuration due to a azimuthal variation of
heigth, h, which depends on m, the desired topological charge, λ, the incident wave-
length on the SPP, θ, the azimuthal position, n, the refractive index:

h = mλθ/[2π(n− 1)] (6)

We fabricated two SPPs which permit the generation of the phase singularities
with m = 2, m = 4 respectively, topological charge. For this purpose we designed
three photolithographical masks in order to achieve 23 levels. The number of levels is
restricted due to the fabrication limitations. Even though the optical path variation is
not continue, the functional characterisation of the SPPs reveals that this number of
levels is sufficient for the generation of optical vortices with a well defined topological
charge. The photolithographical masks were designed in the CleWin software in
order to fabricate SPPs with 1 cm × 1 cm dimensions with 8 levels geometry. The
fabrication involved three successive technological processes (photolithography and
reactive ion etching – RIE) for each photolithographical mask presented in Fig. 6.

(a) (b) (c)

(d) (e) (f)

Fig. 6. Photolithographical masks used for SPPs fabrication: (a), (b),(c) first, second,

third mask, for a m = 2 topological charge optical vortex generation; (d), (e), (f), first,

second, third mask, for a m = 4 topological charge optical vortex generation [23].

For the SPPs fabrication we used a 3 inches silicon wafer. On this substrate
we achieved a 1.2 µm thickness layer of silicon dioxide, after a thermal oxidation at
1100◦C temperature. The spiral geometry of the SPPs was facilitated by a calibrated
reactive ion etching process. The RIE technique permits a precise etching rate. The
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process parameters were: SF6:O2 (9:1), p=20 Pa, P=200 W. They were perfect suit-
able for low etching depths like tens of nanometers and were set in a way that the
difference between two consecutive levels of the SPP should be 40 nm and the dif-
ference between the maximum level and the minimum level should be 280 nm. In
the end a metallization was done in order to achieve a good reflectivity depositing a
10 nm thickness layer of Cr and a 50 nm thickness layer of Au.

The technological process presented above is perfect reproducible. Similar results
were achieved when the process was repeated after a period of time.

3.2. Structural characterization

We performed a morphological characterization for the SPPs using the white light
interferometry (WLI). This method gives quantitative information about the SPP
geometry in a sense that a precise value for each etched depth can be determined.
Figures 7 and 7′ illustrate the SPPs WLI morphological characterization. in a three
dimensional configuration.

In Fig. 7 the SPP has two switches from the maximum height (pink-red color) to
the minimum height (blue color). This means that a Gaussian beam diffracted by
this SPP will generate an optical vortex with m = 2 topological charge.

Fig. 7. WLI image for SPP which generates optical vortices with m=2: 3D profile.

Table 1. Cross section: level differences (from left to right)
for a) m = 2, optical vortex generation

(nm)→ 1 2 3 4 5 6 7

∆z (S2) 42.4 31.5 37.8 283.6 32.3 29.3 33.5
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Fig. 7′. WLI image for SPP which generates optical vortices with m = 4: 3D profile.

In Fig. 7′ the SPP has four switches from the maximum height (pink-red color)
to the minimum height (blue color). This means that a Gaussian beam diffracted by
this SPP will generate an optical vortex with m = 4 topological charge.

Table 2. Cross section: level differences (from left to right)

for a) m = 4, optical vortex generation

(nm)→ 1 2 3 4 5 6 7 8 9 10 11 12 13

∆z (S4) 38.3 41.6 49.5 46.8 42.7 37.4 281.3 45.2 42.6 46.6 40.0 51.6 37.8

A cross section of the SPP shows the etching depths values for the m = 2 case
can be observed in Table 1 and for the m = 4 case in the Table 2. It is revealed
that the difference between the maximum and the minimum level is 280 nm , and the
difference between two consecutive levels is 30–50 nm.

These results prove that the fabricated SPPs satisfy geometrical conditions estab-
lished after the simulation results regarding the optical vortex generation.

3.3. Functional characterization

3.3.1. Optical vortex generation

An optical set-up was done in order to functional characterize the SPPs, which
can be observed in Diagram 1. A 635 nm wavelength laser beam is collimated with
a collimator. After that the Gaussian beam passes through an aperture, and a 2
mm spot is achieved; then is diffracted by a reflective SPP in order to generate an
optical vortex with m = 2, m = 4 respectively topological charge. The optical vortex
captures as it can be observed in Fig. 7, are far field images – approximately 15 m
away from the SPPs plane.
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Diagram 1. Experimental set-up for an optical vortex generation.

(a) (b)
Fig. 8. Far field images of the optical vortices with the topological charge

(a) m = 2; (b) m = 4.

In Fig. 8 are illustrated the far field images of optical vortices which represent a
laser beam diffracted by the SPPs. It can be observed their annular configuration and
the fact that the diameter of the optical vortex with the m = 2 topological charge is
visible smaller than the diameter of the optical vortex with m = 4 topological charge.
This is in perfect concordance with the optical vortices theory.

Fig. 9. Far field cross section of the optical vortices with

the topological charge: m = 2, m = 4 respectively.
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In the Fig. 9, a far field cross section of the optical vortices configuration was
done. It can be observed that the intensity of m = 2 is bigger than for m = 4 and
its smaller diameter, inverse proportional with the topological charge. This is a proof
that the power of the beam is conserved.

Fig. 10. Far field radial cross section of the optical vortices

with the topological charge: m = 2, m = 4 respectively.

The optical vortex beam shaping involves a uniform intensity in the annular con-
figuration of an optical vortex for a specific radius. In Fig. 10, it can be observed
the intensity of an optical vortex with m = 2 topological charge represented by the
blue line, respective for an optical vortex with m = 4 topological charge represented
by the red line. The average value of the intensity in arbitrary units for m = 2 case
is 0.4268 [a.u.], whereas for m = 4 case is 0.1463 [a.u.]. The intensity of m = 4 is
lower than for m = 2 as a consequence of its larger diameter, proportional with the
topological charge. This is also evidence that the power of the beam is conserved.

3.3.2. Detection of the topological charge

Interference patterns of optical vortices with Gaussian beams were obtained using
a Michelson interferometer in order to determine their topological charges.

Essentially, the Michelson interferometer experimental set-up in which interfer-
ence between a Gaussian beam and an optical vortex takes place consists of a beam
splitter, a mirror and a reflective spiral phase plate. A 635 wavelength Gaussian
beam is divided in two identical Gaussian beams using a 50:50 beam splitter. The
first Gaussian beam is diffracted by a SPP with order m = 4 and generates an optical
vortex. The second Gaussian beam is diffracted by a mirror and remains a Gaussian
beam which interferes with the (phase singularity) optical vortex. The interference
image is illustrated in Fig. 12 and represents the detection of the topological charge
for an optical vortex.

A fork-like configuration is generated by the interference between a Gaussian beam
and an optical vortex beam. The topological charge of the optical vortex corresponds
to the number of fringes emerging from the central singularity minus 1. In Fig. 11
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is illustrated the interference figure between a Gaussian beam and an optical vortex
beam with the topological charge optical m = 4, in near field 10 cm away from the
SPPs plane.

Fig. 11. The interference figure between a Gaussian beam and an optical

vortex beam with the topological charge optical m = 4, in near field – 10 cm.

4. EBL fork-like computer generated hologram fabrication

4.1. Fabrication

We fabricated a fork-like computer generated hologram using a reliable nanofab-
rication technique such as the electron beam lithography [24]. On a silicon wafer,
it was deposited an electronresist layer of 320 nm thickness in order to achieve two
levels with the optical path difference between the upper level and the lower level of
640 nm. This corresponds to the incident beam wavelength. The phase difference
between these two levels is 2π and the hologram works in reflection mode.

Fig. 12. The EBL mask for a fork-like computer hologram

which generates optical vortices with m = 4 topological charge.

The configuration of this hologram has been calculated according to the equation
(8), being the interference between a plane wave and a helical wave with a spe-
cific orbital angular momentum. For the dark fringes of the hologram exp(ikxx) +
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exp(imθ)| < 1, whereas for the bright fringes of the hologram | exp(ikxx)+exp(imθ)| >
1. kx represents the spatial frequency,m is the topological charge, and θ = arctan(y/x).
In Fig. 12 is presented the fork-like computer generated hologram used as EBL for
m = 4.

The electron beam lithography was done with a 250 µC/cm2 exposure dose, using
a 20 kV acceleration voltage, a 5 kV extraction voltage and a 20 pA electron beam
current. In the end a metallization was done with a 80 nm thickness aluminum layer
in order to have a good reflectivity.

4.2. Characterization

4.2.1. Structural characterization

The fabricated hologram was characterized structurally and functionally. The
structural characterization is represented in Fig. 13 and Fig. 14. The optical image
of the fork-like computer hologram is illustrated in Fig. 13 and the scanning electron
microscopy (SEM ) image is illustrated in Fig. 14. It can be observed a perfect
concordance between the EBL mask and the fabricated hologram.

Fig. 13. The optical image of the fork-like computer hologram

which generates optical vortices with m = 4 topological charge.

4.2.2. Functional characterization

The functional characterization of the reflective hologram was done using a 632
nm wavelength radiation. A Gaussian beam was diffracted on the hologram and as a
result an optical vortex with topological charge m = −4 in the left, for the n = −1
order of diffraction, Gaussian beam with m = 0, for n = 0, and an optical vortex
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with m = 4 for the order of diffraction n = 1 were achieved. The far field diffraction
image is illustrated in Fig. 15.

Fig. 14. The SEM image of the fork-like computer hologram

which generates optical vortices with m = 4 topological charge.

Fig. 15. Far field diffraction image of a Gaussian beam on a reflective

fork-like computer generated hologram fabricated with EBL.
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5. Conclusions

In this paper we controlled the phase profile of a Gaussian beam and achieved
phase singularities called optical vortices with topological charges m = 2, m = 4
respectively. For this purpose, we applied the beam shaping technique for a 635 nm
wavelength radiation using diffractive optical elements. Reflective spiral phase plates
and fork-like computer generated hologram, fabricated with reliable nanofabrication
techniques such as photolithography and RIE processes for SPPs and electron beam
lithography for the fork-like CGH, were used for this purpose. Their high optical qual-
ity and diffractive efficiency were proved by structural and functional characterization
realized with optical microscope, WLI, SEM or experimental set-up.

Uniform ring intensity was achieved in the optical vortex configurations in radius
profile and also zero intensity where the phase was undefined. Phase singularity and
Gaussian beam interference was done using a Michelson interferometer in order to
determine the topological charge value.

The Matlab simulations based on Kirchhoff’s diffraction integral permited the de-
termination of the geometrical parameters necessary for the fabrication of the diffrac-
tive optical elements. Their reflective mode configuration facilitated a large flexibility
in the experimental set-up manipulation.

Beam shaping simulations results were in concordance with the experimental re-
sults.
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