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��������� Optical vortex beams are at the heart of a number of novel research 

directions, both as carriers of information and for the investigation of optical activity 

and chiral molecules. Optical vortex beams are beams of light with a helical 

wavefront and associated orbital angular momentum. They are typically generated 

using bulk optics methods or by a passive element such as a forked grating or a 

metasurface to imprint the required phase distribution onto an incident beam. Since 

many applications benefit from further miniaturisation, a more integrated yet scalable 

method is highly desirable. Here, we demonstrate the generation of an azimuthally 

polarised vortex beam directly by an organic semiconductor laser that meets these 

requirements. The organic vortex laser uses a spiral grating as a feedback element that 

gives control over phase, handedness and degree of helicity of the emitted beam. We 

demonstrate vortex beams up to an azimuthal index l = 3 that can be readily 

multiplexed into an array configuration. 
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�����Spiral grating, organic semiconductor, OAM, vortex beam, vector beam. 

�

Optical vortex beams are beams whose phase rotates azimuthally around their 

optical axis, characterised by a phase singularity with vanishing intensity of light at 

the centre. The azimuthal index or topological charge of a vortex beam l counts the 

number of 2π phase shifts that occur in one revolution around the singularity, which 

corresponds to an orbital angular momentum of hl/2π carried by the beam. Vortex 

beams with different index l are mutually orthogonal and can therefore be 

multiplexed, which means they can be used as information carriers
1
. This scope for 

multiplexing is particularly attractive for 3D holographic imaging, which is a very 

topical area of research.
2,3 

Realising vortex beams in active organic materials, as 

demonstrated here, is a further advantageous feature for imaging applications given 

the growth of organic light7emitting diodes (OLEDs) in mobile phone and television 

displays
4
. Another interesting property of vortex beams is their ability to exert torque 

on small objects, including chiral molecules, which has potential applications in the 

development of molecular machines or light7activated drugs.
5,6

 It has also been shown 

that vortex beams can be used to achieve optical sorting of chiral objects, such as 

liquid crystal microspheres.
7
 All of these examples, especially the 3D display 

application, would benefit from realising the vortex beams as active light emitters that 

can be miniaturised, integrated into a small footprint package and arranged as arrays. 

Some of these requirements can be met by the recent successful implementations of 

metallic
8 

or dielectric
9 

metasurfaces as external ultra7thin vortex generators, yet an 

even better and more compact solution is the direct generation of optical vortices in 

micro7sized lasers, i.e. as active materials.  In this respect, we note the experimental 

demonstration of a compact III7V semiconductor laser
10

 which, however, has only 
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demonstrated operation in the infra7red and for an azimuthal order of l = 1. Other 

methods of direct emission of vortex beams exist, but these cannot generally be scaled 

down to the microscale,
11

 or have not yet been experimentally demonstrated.
12 

Here, we demonstrate the direct generation of optical vortex beams in the visible for 

azimuthal orders up to l = 3. Our vertically emitting distributed feedback organic 

semiconductor laser emits around λ = 540 nm with a narrow linewidth of �λ ~ 0.1 

nm. The feedback for the organic laser is provided by a phase7controlled grating, 

where the local phase is determined by a lateral shift of the grating elements with 

respect to the unit cell.
13,14

 In order to achieve the desired azimuthally7varying phase 

control, a phase shift of 2π must be achieved around the beam, whilst simultaneously 

applying feedback.  We show that this can be achieved by a grating consisting of an 

Archimedean spiral. By designing higher order spirals, the design allows us to 

directly control the angular momentum and the azimuthal order of the emitted beam, 

and generate beams with desired degrees of vorticity. A secondary effect of the spiral 

grating geometry leads to a spatially varying polarisation, giving the emitted beam an 

azimuthal polarisation on top of the azimuthal phase.  As an additional advantage, we 

note that our approach is compatible with simple and cost7effective fabrication on 

various substrates, including curved and flexible surfaces.
15
� 

 

�����������������������

����������������
�����

The vortex beams are generated using an Archimedean spiral geometry for the 

grating resonator design (Figure 1), which imposes a vortex phase profile on the 

emitted beam with a topological charge equal to the number of arms of the spiral. The  
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spiral has the special feature that along any particular axis, the grating is a simple 1D 

resonant grating with the same Bragg condition as everywhere else, while also 

imposing a 2π phase shift around the circle. By considering the grating diffraction as a 

Fourier Transform, this relative phase shift is a natural outcome of the well7known 

property of the Fourier series that a spatial shift of a given function induces a phase 

shift of its Fourier series, as described by eq. (1)  

      (1) 

where F(m) is the Fourier series of ���� , �  is an integer corresponding to the 

diffraction order, �	is the period, and �� is the spatial translation. Since the phase shift 

depends linearly on ��, the spatial translation can be chosen to provide any phase shift 

from 0 to 2π. Crucially, this concept is only valid when the optical resonances are 

coherently coupled across the device, and therefore showing that the emitted beam 

f (x − x0 ) = F(m)exp −i
2π

a
mx0











��������	  Illustration of the construction of a spiral grating. a) A shift of Λ/2 at the 

centre of a linear grating introduces a π phase shift between the two halves. b) 

Inserting orthogonal sections shifted by Λ/4 between the two halves creates a phase 

change around the centre in increments of π/2. c) Continuing to insert more segments 

ultimately leads to an Archimedean spiral structure with a continuous phase change 

of 2π around the centre. d) Example of how the concept can be extended to a 36armed 

Archimedean spiral to increase the number of phase twists around the centre. 

a b c d

Page 4 of 20

ACS Paragon Plus Environment

ACS Nano

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



from the proposed devices carries a topological charge also implies coherence of the 

source.  

Figure 1 explains the concept schematically and shows how the phase shift between 

adjacent gratings can be used to introduce an azimuthal phase profile to the beam, 

thereby creating a vortex beam. First, a π phase shift is introduced between two halves 

of a linear grating by translating one of them by half the period, Fig. 1(a). Two new 

orthogonal sections of grating are then introduced between these two halves, Fig. 

1(b), shifted from the first grating region by one7 and three7quarters of a period, 

respectively. This process of adding more sections with intermediate spatial shifts, 

and therefore intermediary phase differences, is continued until its ultimate 

conclusion: an Archimedean spiral, Fig. 1 (c).  

In addition to the desired phase change, which is determined by the phase 

relationship between the grating elements, the grating also determines the polarisation 

of the emitted beam. The period of the grating is designed to be 350 nm, in order to 

support the resonance wavelength in the active organic semiconductor, i.e. BBEHP7

PPV (see Materials and Methods). As is well known, e.g. from one7dimensional 

grating resonators,
16

 the in7plane electric field is parallel to the grating groves. For the 

case of circular symmetry, this results in an azimuthally polarised beam.
17

 Given that 

the spiral grating is close to circular symmetry, we also expect the output beam from 

our device to be azimuthally polarised.  Fig. 2 shows SEM images of the centre of the 

fabricated 17, 27 and 37 arm spiral gratings. 
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a b c

�������
	 SEM micrographs of the centre of the (a) 16arm spiral, (b) 26arm spiral

and (c) 36arm spiral gratings. The gratings have 350 nm period and are produced 

in silicon, which is then used as a master grating for the nanoimprint process of 

fabricating the actual laser. 
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��� �����
��!���
� 

The fabricated organic vortex lasers, shown schematically in Fig. 3, were pumped 

with nanosecond laser pulses at a wavelength of 355 nm and the emitted beams 

imaged on a CCD camera (see Fig. S1).  Typical beam cross7sections measured are 

shown respectively in Fig. 4a, b, c and d for lasers based on circular, 17arm, 27arm 

and 37arm spiral gratings (l = 0, 1, 2, 3 respectively). As expected, the beams show 

annular shaped intensity profiles, with a vanishing intensity in the centre, denoting the 

position of the phase and polarisation singularity. Due to the azimuthal polarisation, 

all devices show a similar profile, including the one without topological charge. They  

 

������� �	  Schematic of active organic vortex lasers illustrating an array of 

devices, each one carrying a different topological charge of the emitted beam. 

The green lines correspond to constant phase regions – spiral in the case of an 

optical vortex with nonzero topological charge.   
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exhibit a clear lasing threshold, (see Fig. S2, which shows a typical laser threshold of 

4 kW/cm
2
) with the characteristic linewidth narrowing to a linewidth of < 0.6 nm 

FWHM at threshold. We note that as the feedback for laser operation is provided by 

the second order grating, which is kept constant in terms of diameter, period and duty 

cycle, there is little variation in terms of threshold irrespective of topological charge. 

We also note deviations from the “ideal” annulus beam shape, which we attribute to a 

combination of asymmetries in the DFB grating and non7uniformities in the spin7

coated polymer film.   

�

�
�
���
��
"�� 
�� ��
�����#������
��

In order to differentiate between the different topological charges, it is necessary to 

assess the phase profile (topological charge) of the beams. This is especially crucial 

given the azimuthally polarised nature of the emitted beams, as even the l = 0 beam 

exhibits an annular intensity pattern due to its polarisation singularity.  

Recent studies have developed a range of ways to determine the topological charge 

and its sign. As an example, this has been achieved using a Young's double slit 

geometry, used in the literature for both scalar
18

 and vector vortex beams.
19,20

 

However, issues may arise with regard to alignment and clarity of the associated 

fringe pattern. Interestingly, the diffraction pattern of such a field by a triangular 

��������	 Beam profiles recorded for the beams generated using (a) circular 

(l = 0), (b) 16arm (l = 1), (c) 26arm (l=2) and (d) 36arm spiral gratings.  

a b c d
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aperture provides a clearer fingerprint
21723

 as it depends on the sign and the magnitude 

of the topological charge with distinguishing features in the centre of the pattern that 

help identify beams of differing charge. In addition, we have performed numerical 

studies highlighting that the diffraction pattern derived from the triangular lattice is 

more resilient to misalignment and beam asymmetry than the corresponding pattern of 

the double slit configuration. As such, we use both the two slits and triangular lattice 

approach for an accurate determination of the topological charge of the light field. For 

the double slit aperture, the topological charge leads to a displacement between the 

upper and lower part of the interference pattern by a number of fringes equal to the 

value of topological charge l.  For the triangular aperture, the charge l is given by the 

number of dark lobes along each side of the diffraction pattern.  In addition, for the 

vortex with l = 1 and 2 there is a bright spot in the centre of the diffraction pattern, 

while for vortex with l = 3 there is a dark spot in the centre, which can be explained 

by simple calculations (shown in SI) of the interference coming from three edges of 

the diffraction triangle.   
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�������
	 (a) Numerical simulations and (b) experimental measurements for the 

circular grating and the double6slit aperture. The left, middle and right columns 

show, respectively, the total field and the components of the polarisation 

perpendicular and parallel to the slits, as indicated by the arrows. 

b) Experiments 

a)  Simulations 
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As expected, for higher order vortices, i.e. l = 2 and l = 3, the triangular aperture 

yielded more conclusive results than the double slit experiment. To confirm the 

experimental findings, numerical simulations were carried out using Fresnel and 

Fraunhofer diffraction integrals (see SI for details). 

 

The numerical simulations and corresponding double slit diffraction measurements 

for azimuthally polarised beams with topological charge l = 0 and l = 1 are shown in 

Fig. 5 and 6. The left, middle and right columns in each figure show, respectively, the 

total field, and the polarisation component perpendicular and parallel to the slits. We 

observe that there is a good agreement between simulations and the measurements; all 

of the characteristics of the interference pattern are supported by the measurements. 

For the polarisation perpendicular to the slits, the pattern is similar for both circular 

b) Experiments 

a) Simulations 

������� �	 (a) Numerical simulations and (b) experimental measurements for 

the 16arm spiral grating and the double6slit aperture. The left, middle and 

right columns show, respectively, the total field and the components of the 

polarisation perpendicular and parallel to the slits, as indicated by the 

arrows. 
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and spiral gratings, as predicted by numerical simulations: there is a zero7intensity 

region in the centre but no twist between the upper and lower parts of the fringes. The 

information concerning topological charge is then contained in the polarization 

component parallel to the slits. For the case of l = 0 there is no twist, while for l = 1 

there is a twist, leading to a shift between the upper and the lower part of the fringes 

by one period of the fringes. The direction of the twist corresponds to the handedness 

of the vortex, which in turn is determined by the twist of the spiral grating.   

 

 

For higher values of l, we used diffraction from a triangular aperture, because the 

alignment was easier and the results clearer than for a double slit. For these apertures, 

the information about the topological charge of an azimuthally polarised vortex beam 

��������	  Numerical simulations (a) and experimental measurements (b) for circular 

grating (first column) and 16arm, 26arm and 36arm spiral gratings corresponding, 

respectively, to the second, third and fourth column, for the triangular aperture 

experiment. Images are calculated using Fraunhofer diffraction and measured 

experimentally using a CCD camera at the Fraunhofer distance from the aperture, 

using the Fourier transforming 2f configuration of a lens.  

a) Simulations 

b) Experiments 

l= l=l= l=

Page 12 of 20

ACS Paragon Plus Environment

ACS Nano

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



is encoded in the number of dark lobes, equal to |l|+1, along each edge of an 

equilateral triangle shaped interference pattern, as seen in Fig. 7. Thus, we can 

conclude have successfully generated beams with l = 0, 1, 2 and 3. 

 

����������� 

We have shown that by the appropriate design of a feedback grating exploiting the 

phase7shift property of the Fourier Transform, organic semiconductor lasers can be 

made that, in a single step, generate vortex beams of desired topological charge. This 

was achieved by combining an Archimedean spiral grating of subwavelength 

thickness with a conjugated polymer gain medium. The topological charge of the 

vortex is controlled by the number of arms in the spiral, whilst the conjugated 

polymer provides high gain in the green region of the spectrum. An array of such 

lasers was made on a single substrate. The results demonstrate the simple fabrication 

associated with polymers, and these sources have the potential to be tuneable, flexible 

and (as polymer lasers develop) electrically pumped.  Our results represent a 

significant advance in the field of structured light because the control of phase is 

achieved in a single optical element directly generating light with a desired phase 

profile, rather than by using a laser with separate external optical element. The simple 

and compact generation of beams with controlled topological charge demonstrated 

here could see applications in visible light communications, displays, metrology and 

quantum optics.   

�

$�������������$��%����

����&
������'��
�����
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We used BBEHP7PPV polymer as the active gain material,
24

 as it has a high gain 

coefficient and very low optical waveguide loss. The polymer has an absorption peak 

at 430 nm and emission maximum at 528 nm. It is spin7coated onto the gratings from 

a 15 mg/ml solution in chlorobenzene. The refractive index of BBEHP7PPV is 

slightly higher than that of the UV curable resist (UVcur06) that we use to form the 

grating. The effective index of the resulting thin film waveguide is approximately 1.5 

and therefore the Bragg condition matches the PL peak wavelength when the period is 

528 / 1.5 ≈ 350 nm. The duty cycle of the grating was chosen to be ~50%. The groove 

depth and the thickness of the active layer are, respectively, 80 nm and 200 nm.�

�

���
��"��������
��

The devices were fabricated using nanoimprint lithography.
14,24 

First, a silicon 

surface relief grating was fabricated using electron beam lithography and reactive ion 

etching. Example micrographs of the silicon gratings are shown in Fig. 2. These 

silicon gratings were used to cast daughter stamps in an elastomeric polymer, which 

in turn was used in a UV nanoimprint process to transfer the original pattern into a 

UV curable resist, forming the resonant grating. Finally, the organic semiconductor 

BBEHP7PPV (15 mg/ml solution in chlorobenzene) was spin coated onto these 

gratings inside a nitrogen glovebox to form the laser device. 

�

�(�
��'
������
�#���

The polymer laser devices were optically pumped by a passively Q7switched pulsed 

solid7state laser emitting at 355 nm and focused to a spot size slightly smaller than the 

500Pm diameter of the grating. The emitted vortex beams, propagating perpendicular 

to the device surfaces, were imaged using a CCD camera. To measure spectral 
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characteristics and laser threshold, a neutral density wheel was used to control the 

pump pulse energy. Light emitted from the sample was then coupled into an optical 

fibre connected to a CCD spectrograph. To detect the phase profile, both double7slit 

and triangular apertures were used. The interference fringes were recorded using a 

CCD camera, mounted i) at the Fresnel distance away from the sample, in the case of 

the double7slit experiment and ii) in the Fraunhofer regime, using a Fourier 

transforming 2f configuration of a lens, for the triangular aperture experiment. In the 

case of the double7slit aperture, the interference fringes were recorded after passing 

through a polariser decomposing the field into two orthogonal polarisations: parallel 

and perpendicular to the slits. 
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