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Abstract—We present fabrication of dielectric micro-optical 

elements on VCSELs and characterization of emitted orbital 

angular momentum modes. Spiral phase plates are fabricated on 

the top facet of oxide-confined VCSELs using grayscale 

photolithography and dry etching silicon nitride. The refractive 

index of silicon nitride film is characterized using ellipsometry and 

atomic force microscopy is used to verify the fidelity of fabricated 

dielectric micro-optical elements. Orbital angular momentum 

modes with on-axis null are experimentally demonstrated. A novel 

circular rotation of intensity with propagation in the near-field is 

observed and is analyzed using Fresnel transfer function 

simulations.  

 
Index Terms—Orbital Angular Momentum Modes, VCSELs, 

Grayscale Photolithography, Integrated Spiral Phase Plates 

 

I. INTRODUCTION 

RBITAL angular momentum (OAM) modes have the 

potential of increasing data transmission capacity of 

optical links [1]. OAM modes are characterized by helical 

phase front and the twist of helix is defined by a topological 

charge. In principle, infinite quantized OAM modes can be 

generated by varying the twisting rate of the helix and all such 

modes form an orthogonal basis set. This orthogonality leads to 

minimal inter-modal crosstalk and allows the OAM modes to 

be employed in space-division multiplexing. Various 

techniques to generate OAM modes have been explored such as 

spiral plates [2, 3]  and metamaterials [4, 5]. Vertical cavity 

surface emitting lasers (VCSELs) have been shown to naturally 

emit vortex-like optical modes [6]. Engineered OAM mode 

generation from vertical cavity surface emitting lasers 

(VCSELs) offers unique advantages such as 2-dimensional 

arrays and high-speed data modulation bandwidth  [7, 8]. 

Further, the vertical emission is naturally suited for integration 

of micro-optical elements on top facet to engineer the natural 

Gaussian family of modes into other modes with desired 

properties, such as OAM modes. A VCSEL emitting an OAM 

mode has the potential to add space-division multiplexing 

component to high-speed temporal operation for increased 

transmission bandwidth. Previously, an integrated spiral plate 

was etched into a silicon nitride layer on the top facet using a 
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focused ion-beam to generate OAM modes [3, 9]. But a serial 

ion-etching approach cannot be readily integrated into high-

volume manufacturing and is likely to result in ion-induced 

physical etch damage. Other approaches to generate OAM 

modes including metasurfaces [10, 11] and Bragg-reflector 

waveguides [12] have also been explored. But complex 

fabrication requirements may inhibit their scalability.     

In this letter, we present a novel process for fabricating 

complex dielectric microstructures; herein we consider an 

integrated spiral plate on top of a nominally 850nm VCSEL 

fabricated using grayscale photolithography. Grayscale 

photolithography uses power modulation of a scanning UV 

laser to expose different depths in a positive photoresist [13]. 

An integrated spiral plate with 8-levels is sculpted in photoresist 

and then transferred into a silicon nitride (SiNx) film by dry 

etching with 1:1 selectivity. Oxide-confined VCSELs are 

subsequently fabricated demonstrating the fabrication process 

is readily integrable with conventional VCSEL manufacturing. 

OAM modes with on-axis intensity null are demonstrated. A 

novel rotating intensity pattern is observed with propagation of 

these modes in the near-field and is explained using propagation 

simulations.   

II. DEVICE DESIGN AND FABRICATION 

The complete fabrication process is illustrated in Fig. 1 and 

shows the micro-optical elements are fabricated first followed 

by conventional VCSEL fabrication [14]. The VCSEL epitaxy 

used in this work has a three quantum well active region 

designed for 850nm wavelength emission with 22 periods in the 

upper p-type DBR mirror and a lower 34 period n-type DBR 

mirror. After top p-type Ti/Au ring contacts and broad area 

bottom AuGe/Ni/Au contacts are deposited, a 1μm thick low-

stress SiNx film is subsequently deposited using mixed-

frequency STS plasma enhanced chemical vapor deposition 

system. The refractive index of the SiNx film is measured at 

850nm using variable angle ellipsometry measurements to be 

1.939. Based on this refractive index, the required step for a 

spiral plate in SiNx with a topological charge of +1 is 

 

ℎ =
𝜆0

𝑛𝑆𝑖𝑁𝑥 − 𝑛𝑎𝑖𝑟
          (1) 
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Here, 𝜆0 is the free space wavelength equal to 850nm, 𝑛𝑆𝑖𝑁𝑥  

is the measured refractive index of SiNx film and 𝑛𝑎𝑖𝑟 is 

assumed to be 1. The maximum silicon nitride thickness is 

905.2nm, so for an 8-step spiral each step height is 113.1nm. A 

positive photoresist AZ5214 is spin coated to a thickness of 

2.15µm. To define a 3-dimensional (3D) pattern in photoresist, 

a scanning UV laser system manufactured by Heidelberg 

Instruments is used [15]. A grayscale contrast curve is 

generated as shown in Fig. 2(a) to calibrate the process recipe 

for required photoresist exposure levels to sculpt 3D features.  

Multiple 8-level spiral plates with diameter of 20µm are 

patterned in photoresist by using the contrast curve shown in 

Fig.  2(a). The 3D sculpted PR pattern is then transferred to the 

SiNx film by dry etching with an etch selectivity of 1:1. The dry 

etch was done using Oxford Instruments PlasmaPro100 system 

with the recipe: RF/ICP Power = 50/0W; SF6 flow rate = 

15sccm; Chamber Pressure = 3mTorr and Table Temperature = 

50C. After fabrication of dielectric micro-optical elements, we 

next fabricate mesa defined oxide-confined VCSELs [14]. Two 

single mode VCSELs with approximate oxide apertures of 

4μmx4μm and 10μmx10μm are characterized next and are 

henceforth named Spiral VCSEL A and Spiral VCSEL B, 

respectively. A scanning electron micrograph (SEM) image of 

Spiral VCSEL A in Fig. 2(b) shows the feasibility of fabricating 

spirals on top of the VCSEL mesa with precise alignment. 

III. RESULTS AND DISCUSSION 

Structural characterization on spiral VCSELs is performed 

using an Anton Paar Tosca atomic force microscope (AFM). 

The three-dimensional AFM image and false color step height 

for Spiral VCSEL B are shown in Fig. 3(a) and Fig. 3(b), 

respectively. The AFM scan covers an area of approximately 

20µmx20µm with a lateral and vertical resolution of 50nm. The 

high fidelity of the fabricated spirals confirmed in Fig.  3, is 

used in subsequent optical propagation simulations. 

The false color height data (e.g. Fig. 3(b)) confirm the 

required step height for spiral plate. The micro-optical element 

in Spiral VCSEL B, in Fig. 3(b) shows a maximum and 

minimum step height of 1.0564µm and 0.2341µm respectively, 

with a step height difference of 0.8223µm. The fabricated step 

height difference between maximum and minimum is very 

close to ideal value of 0.792µm.  

Electrical and optical characterization on spiral VCSELs is 

then performed. The output power versus current characteristics 

of Spiral VCSEL A and Spiral VCSEL B are compared to their 

respective control VCSELs without a spiral plate on their top 

facet in Fig. 4(a) and Fig. 4(b) respectively. An increase in 

threshold and reduction in differential quantum efficiency is 

observed for spiral VCSELs in comparison to the control 

VCSELs. This can be attributed to increase in scattering loss at 

the top DBR due to the presence of spiral plates. The optical 

spectra for the spiral VCSELs are shown in Fig. 4(c) and Fig. 

4(d). The small oxide-aperture Spiral VCSEL A in Fig. 4(c) 

emits a single Gaussian mode at 1.4mA. The broad-area oxide 

Spiral VCSEL B also emits into an approximately single, albeit 

higher order mode [16] with  other modes suppressed by 10dB 

in Fig. 4(d). A top-view optical microscope image of Spiral 

VCSEL A is shown in Fig. 5(a) at 1.4mA. The dotted circle 

shows the extent of spiral plate and the center region outlines 

 
Fig. 1 Fabrication process flowchart for oxide confined VCSELs with 

integrated spiral plate 

 
Fig. 2 (a) PR contrast curve for grayscale photolithography (b) SEM image for 

Spiral VCSEL A  

 
Fig. 3 (a)3D view of AFM image for Spiral VCSEL B (b) Flat view of AFM 

image for Spiral VCSEL B with color bar showing range of step height in 

microns 
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the oxide aperture.  The near-field intensity profile exhibits an 

obvious intensity null in the center which is expected of an 

OAM mode [3, 6, 9]. A magnified near-field mode profile is 

shown in inset of Fig. 5(a). Given the near-field null is expected 

at the center of the spiral plate, the images in Fig. 5(a) shows 

the excellent alignment of the spiral plate into the center of the 

oxide aperture. Fig. 5(b) shows the experimentally measured 

far-field profile which exhibits on-axis intensity null. A 

simulated far-field intensity profile is shown in Fig.  5(c). To 

generate Fig.  5(c), surface height data from AFM 

measurements are transformed into a phase profile, with the 

height-to-phase adjusted until the phase change around the SPP 

is 2𝜋  radians. A Gaussian mode with 4μm width is aligned to 

the center of spiral plate and after propagation through the spiral 

plate, a complex near-field profile is generated. The near-field 

profile is then propagated using the Fresnel transfer function to 

obtain the far-field profile [17]. A qualitative match between 

Figs.  5(b) and 5(c) is found. 

 The near-field intensity profile of Spiral VCSEL B is further 

analyzed at an injection current of 2mA. An optical microscope 

is used to capture a series of intensity profile images as the 

microscope focal plane is moved in the direction of beam 

propagation i.e., z-direction, approximately in the near-field.  

Since the emission from this large aperture VCSEL is 

dominated by a higher order mode (see Fig. 4(d)), multiple 

intensity spots are expected and observed as shown in Fig. 6(a). 

Figs. 6(a-f) shows the measured intensity evolution 

approximately in the near-field evolving to the far-field. 

 Starting from multiple spatial intensity lobes in Fig. 6(a), the 

mode transformation by the spiral is evident in Fig. 6(f) with 

high intensity lobes radially separated from the center which 

has reduced intensity. As the microscope focal plane is moved 

in the z-direction, a clear rotation of intensity profile around the 

axis is observed. For comparison to the experimental results, a 

6-lobed intensity distribution is assumed as shown in Fig. 6(g). 

Similar multi-lobed near-field intensity patterns from broad 

area VCSELs  emitting into a single higher order mode have  

been previously reported [16]. The surface-height data from the 

AFM scan is again used in the Fresnel transfer function 

simulations where the calculated near-field profile is 

propagated in the near field at various distances to observe the 

spiral plate engineered mode. The alignment of the presumed 

mode profile, phase profile and height-to-phase mapping are 

further tuned to obtain a qualitative match in propagation 

behavior between the experimental results and simulation. The 

simulated propagation intensity profiles are shown in Fig. 6(g) 

to Fig. 6(l). Qualitative match with experimental results is 

apparent in Fig. 6, although other combinations of OAM modes 

could also produce similar intensity patterns. Such rotating 

fields have been previously demonstrated using spiral-zone 

plates [18] and have been  explained using superposition of two 

optical vortex beams [19-21]. Whereas vector vortex beams 

from VCSELs with frequency selective external feedback have 

been previously reported[22], to  the best of our knowledge this 

is the first time such rotating fields have been experimentally 

observed from a VCSEL with an integrated spiral plate.  

IV. CONCLUSION 

In conclusion, we have demonstrated a novel process for 

fabrication of integrated dielectric micro-optical elements, such 

as spiral phase plates with oxide-confined VCSELs. This 

integrated process can be used in high-volume manufacturing 

to generate OAM modes from VCSELs. The fidelity of 

fabricated structures is verified using SEM and AFM scans. A 

small threshold current and slope efficiency penalty is found 

owing to scattering loss at the top facet of VCSEL. On-axis 

 
 

Fig. 4 (a), (b) LI comparison of spiral VCSELs with control VCSELs of similar 

aperture (c) Optical spectrum of Spiral VCSEL A at 1.4mA (d) Optical 

spectrum of Spiral VCSEL B at 2mA 

 
Fig. 5 (a) Optical microscope image of Spiral VCSEL A at 1.4mA. Red dotted 

circle shows extent of spiral and inset shows near-field mode profile. (b) 

Experimentally measured far-field intensity profile (c) Far-field intensity 

profile simulated by Fresnel transfer function. Color bar shows range of 

normalized intensity values 

 
Fig. 6 (a-f) OAM mode evolution for Spiral VCSEL B at 2mA with increase in 

z from left to right (g-l) Fresnel transfer function simulation with increase in z 

from left to right 
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intensity nulls are experimentally demonstrated in both the 

near-field and far-field and a novel axial intensity rotation 

phenomenon is observed in the direction of propagation. The 

modal intensity profiles are qualitatively matched to simulated 

results using Fresnel transfer function simulations with the 

measured micro-optical dimensions. This work opens up 

additional opportunities for fabrication of other lens, grating 

micro-optical structures for VCSEL mode control and 

engineering. 
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