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ABSTRACT 

Anti-resonant reflecting photonic crystal structure is employed in vertical cavity surface emitting lasers (VCSELs) to achieve 

photon confinement in lateral direction. Such a design is promising in supporting large aperture single-mode emission. In the 

configuration, a hexagonal array of high-index cylinders which run vertically in the cladding region are introduced in the top 

of the VCSEL p-type DBR mirror region. The transverse modal property of the proposed structure, especially leakage loss, 

has been investigated. An optimum design for the minimum radiation loss while maintaining single-mode operation has been 

discussed in this paper. 

 

1. INTRODUCTION 

High power, single mode vertical cavity surface emitting lasers (VCSELs) have attracted significant interest in the past years 

[1-4]. The conventional VCSEL structure incorporates a built-in positive-index waveguide, designed to support a single 

fundamental mode. However single mode operation for such a VCSEL is normally obtained with small emission apertures, 

which will limited the maximum output power. There are increasing demands for the larger aperture and higher continuous 

output powers. Due to the fact that multiple modes will exist in larger aperture waveguide, one of the solutions is to increase 

the modal discrimination and make the devices favour fundamental mode only [3]. Recently ring-type Anti-resonant-

reflecting optical waveguide (ARROW) VCSELs [4] have been reported to operate at single mode with emitting aperture 
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size as large as mµ12~8 . The cladding of the ring-type ARROW VCSEL can be approximately regarded as a stack of 

high- and low-index Bragg reflectors. Average refractive index of the stack is higher than core index. Such waveguide’s 

strong leakage discrimination on high-order modes is responsible for achieving single mode operation with large aperture. 

Index guiding photonic-crystal structure, a waveguide whose cladding is made of holey photonic crystal, has recently been 

applied in VCSEL design to get single-fundamental-mode operation by Dae-Sung Song et al. [5]. This kind of photonic-

crystal VCSEL is expected to provide endlessly single-mode operation. However, the endlessly single mode operation can be 

provided only if the ratio of the hole diameter to the hole-to-hole distance stays smaller than a certain value. This threshold 

value could be very small if index contrast involved is relatively high, which would make fabrication a difficult process. 
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Fig 1     (a) Schematic of anti-resonant reflecting photonic crystal VCSEL (b) cross section of the ARRP-VCSEL 
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In this paper, we propose an alternative design.  On the top of the p-type DBR mirror structure, hexagonal arrays of high-

index cylinders are introduced in the cladding region.  These high-index cylinders are tuned in dimension to strongly reflect 

light back to the core region. We refer to this design as anti-resonant reflecting photonic crystal vertical cavity surface 

emitting lasers (ARPC-VCSEL). In contrast to a positive index waveguide, the ARPC-VCSEL can operate with only a 

fundamental mode even cylinder dimension is relatively big as compared to cylinder-to-cylinder distance since high order 

modes suffer excessively large loss in this structure. 

 

2.  DESIGN OF ANTI-RESONANT REFLECTING PC-VCSEL  

The schematic of a 980nm ARPC-VCSELs is shown in Fig.1. As shown in the figure, anti-resonant reflecting photonic 

crystals are introduced on the top of the p-type DBR mirror region. The inclusion of high-index cylinders in the cladding 

region gives rise to a waveguide whose core index is smaller than the effective index of its cladding.  In such waveguide, 

light is confined in the low-index core region due to it experiences Bragg reflections at cylinder boundaries along any 

propagation direction in the entire transverse plane [6]. Photonic bandgap (PBG) is another explanation for the Bragg 

reflection mentioned here  [7]. 

 

As stated in reference (Fig 2 in Ref. 4), one proper way to get the ARROW structure is by chemically etching a thin GaAs-

GaInP spacer layer. Following by regrowth precess, the high- and low-index ring reflectors can be defined. Our proposed 

APRC-VCSEL can be realized exactly in the same way. That is, the GaAs-GaInP spacer layer is selectively etched with a 

photomask whose pattern matches with the array of high index cylinders. The places where the spacer layer remains (an 

array of circular regions in this case) are responsible for the formation of high index .cylinders after Hardley’s effective index 

modeling [8]. 

 

Another possible process to get the antiresonant reflecting photonic crystal VCSELs can be realized by the method proposed 

in [5].  First, typical mesa structures are introduced on the VCSEL wafer by optical lithography and chemical assisted ion 

beam etching (CAIBE) method. Then photomasks are used to define the high index cylinders on the mesa. CAIBE method is 

used to obtain  the holes on the top pDBR. After the holes are formed, regrowth of high index material for example GaAs-

GaInP (in our design n=3.35) in the holes can be processed to obtain high index cylinders. 

 

After our proposed structure is converted to Hardley’s effective index model [3][8], the cross section of the ARPC-VCSELs 

is shown in the Fig1(b). d is the diameter of the high index cylinders and Λ is the pitch of the cladding photonics crystal. In 

our design, the effective refractive index of the cylinder cylindern  and the core (or the background region) effective refractive 
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index coren  are assumed to be 3.35 and 3.3, respectively, after effective step index model approximation. Cylinder-to-

cylinder distance, or period Λ  sets to mµ56.5 .  The emission wavelength is 0.98 mµ . 

 

3. RESULTS AND DISCUSSIONS  

The field distributions of the LP01 and LP11 mode for three rings of 36 high index cylinders ARPC-VCSEL are analyzed. 

Finite-difference beam propagation method is applied in the calculation and scalar approximation is assumed since index 

contrast involved is very small.  In the simulation, we observed that the field distributions are greatly affected by the 

diameter of the high index cylinders. Figures 2 and 3 show the LP01 mode field at md µ38.3= and md µ96.2= , 

respectively. It is found that the field is well confined at md µ38.3= . As explained later, this good confinement is due to 

the fact that the photonic crystal cladding is highly antiresonant at this d value.  However, at md µ96.2= , strong modal 

field exists in the cladding region. The photonic crystal cladding becomes slightly resonant with the core mode at this d value. 

The LP11 mode field at md µ38.3= is shown in Fig.4. Comparing with the fundament model obtained in the Fig.2, we 

observed in the structure the fundament mode is better confined than the high order mode. Generally speaking, higher order 

modes experience higher radiation loss than fundamental mode does. 
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Fig. 2  the normalized LP01mode field of three rings’ cylinders at d=3.38um 
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In order to study the effects of the diameter of the cylinders on the modal loss properties of the proposed structure, we have 

calculated the effective indices effn  for different values of the cylinder diameter d  . The relationship between the imaginary 

part of effn and the loss α  of the modal  can be written as  

 
λ

π
α

25

)( effnℑ
=   (1) 

where the units for wavelength and  loss α  are in m and 1−cm , respectively. 
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Fig. 3  the normalized LP01mode field of three rings’ cylinders at d=2.96 um 
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Fig. 4   the normalized LP11mode field of three rings’ cylinders at d=3.38 um 
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Fig 5   the properties of Modal effn  with the change of the diameter of the high index cylinders 
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The modal effective index effn  of the two structures: three rings of 36 high index cylinder and two rings of 18 high index 

cylinders are calculated respectively.  Period is fixed at 5.56 um  in all simulation. The diameter of all high index cylinders is 

varied from 2.2 mµ um to 4.4 mµ . The variation of the real part )( effnℜ and imaginary part )( effnℑ  for Lp01 and LP11 

modes are shown in Fig.5. Fig. 5a indicates that )( effnℜ  curve hardly change from two rings to three rings of cylinders. 

However, )( effnℑ in Fig.5b shows large difference between of the two rings and three rings structures. We observe there are 

multiple peaks in the )( effnℑ curves, and )( effnℜ  changes sharply at these )( effnℑ peaks. At each peak position, the PC 

cladding is in complete resonance with the core mode. At these d values, light cannot be confined in the core region at all.  It 

is believed that the peaks appearance is due to the scattering properties of the individual cylinders. According to the 

prediction and analysis model by Natalia M. Litchinister etc. in [9], the peaks of the imaginary part of the effective mode 

index is determined by the cutoffs for the modes of single high index cylinders immersed in the background index material. 

The cutoff condition of such a high index cylinder fulfills 

 0)( =dkJ exl  (2) 

where exk is  the transverse component of the wavevector k in high index region. The loss peaks with the diameter can be 

predicted by the following expression 

 )(
2 22

lcorecylinder Jrootsnnd =−⋅
λ
π

 (3) 

where )( lJroots means the roots of Bessel function of order l  . It is noticed that those particular diameters where loss 

peaks are present in Fig. 5b can be predicted very well by the equation (3) (dotted vertical lines in Fig. 5 b). But it is not 

necessary for every predicted loss peaks using equation (3) to appear.  This is because that some predictions, especially those 

which are calculated using root of a Bessel function of very high order, are corresponding to weak resonances whose effect 

can be ignored.  In Fig5b, peaks for curve 1 appear at around md µ96.2=  and m80.3 µ  . These values agrees well with 

the calculated diameter md µ9862.2=  (corresponding to )( lJroots =5.5201, one of the roots of 0J ) and 

md µ7953.3=  (corresponding to )( lJroots =7.0156 , one of the roots of 1J )  by using equation (3). 

 

According the Fig.5 we can find there is an optimum ARPC-VCSEL design by choosing an appropriate diameter for high 

index cylinders.  The modal loss difference of the LP01 and LP11 approaches to maximum for three rings structure at 

md µ38.3= . To get the single mode operation, it is suggested to make md µ38.3=  since at this point fundamental 

model is favored for its smaller leakage loss and the high order mode is greatly depressed.  
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4. CONCLUSIONS 

We have introduced anti-resonant reflecting photonic crystal structure in vertical cavity surface emitting lasers (VCSELs) to 

achieve large aperture single-mode operation. The modal loss property of the proposed structures with three and two rings of 

high index cylinders has been investigated. We found that the modal discrimination is highly improved by using three rings 

configuration with some appropriate structure parameters. Also it was found the loss properties of the modes are varied 

periodically. And the maximum loss locations can be determined by analyzing the modal property of a single high index 

cylinder.    
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