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ABSTRACT 
 
We propose and analyze a new type of resonator in an annular geometry which is based on a single defect surrounded by 
radial Bragg reflectors on both sides. Unlike conventional, total internal reflection based ring resonators, this structure 
supports modal fields with very low azimuthal number (large radial k-vector component).  We show that the conditions 
for efficient mode confinement are different from those of conventional Bragg waveguiding in a rectangular geometry. 
To realize tight confinement of the light in the defect, chirped gratings are required. Compared to a conventional 
resonator, the new resonator exhibits larger FSR and lower losses making it suitable for both telecom and sensing 
applications. In addition, the resonance wavelength and Q factor of the device are very sensitive to environmental 
changes, and thus provide ideal observables for sensing applications. Annular Bragg resonators with several unique 
geometries have been fabricated in an InGaAsP multi-quantum-well membrane. The spectral properties of the resonators 
have been investigated through analysis of photoluminescence induced by pulsed optical excitation. 
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1. INTRODUCTION 
 
Circular optical resonators (rings, disks and spheres) have been investigated since the late 1960’s1. In the last three 
decades, numerous applications utilizing annular resonators for optical communication and sensing have been suggested, 
analyzed, and demonstrated. More recently, as fabrication and material technologies have matured, much effort was 
devoted to improving the characteristics of these resonators, and to realizing higher Q-factors and larger free spectral 
ranges (FSRs). 
 
Most of the previously studied optical resonators (i.e., ”conventional” resonators), utilized total internal reflection (TIR) 
to attain confinement of the modal field in a guiding core2. In order to exploit TIR, the refractive index of the resonator 
structure must be higher than the refractive index of its surroundings. Such configuration, however, introduces 
limitations on the properties of the modal field such as loss per revolution and the maximal possible radial wavenumber 
which, in turn, limit the maximal realizable FSR and Q-factor. 
 
Circular resonators have been shown to be very useful for telecommunication and sensing applications2. The potential 
application of conventional, TIR based, ring resonators in the fields of telecommunication2 and sensing3 have been 
studied and demonstrated. For both types of applications, compact and high-Q (low loss) resonators with a single radial 
(transverse) mode and large FSR are desired. For sensing applications, high sensitivity to changes in the environment 
surrounding the resonator is also required, in order to enable the detection of small environmental fluctuations. For 
example, such fluctuations could include changes in the concentration of a liquid or gas species in which the resonator in 
immersed, in chemical or biological sensing applications. 
 
 
 
* koby@caltech.edu; phone 1 626 395-4413; fax 1 626 405-0928; www.its.caltech.edu/~koby/ 

mailto:koby@caltech.edu


In this paper we propose and analyze a new type of ring resonator - an annular defect mode resonator which is based on a 
single annular defect located between radial Bragg reflectors4-6. In this resonator, Bragg reflection is utilized as the radial 
confinement mechanism instead of TIR. Bragg reflection is not subject to the limitations of TIR (refractive index 
demands, critical angle etc.) and, therefore, supports modal fields which cannot evolve in conventional resonators. Bragg 
reflection based disk resonators (i.e., a disk surrounded by concentric Bragg layers) have been studied theoretically and 
demonstrated experimentally7-15. Recently, a hexagonal waveguide ring resonator based on Photonic Bandgap Crystal 
(PBC) confinement on both sides of the waveguide was demonstrated experimentally16. However, this structure 
exploited the specific symmetry of the triangular lattice which enables low loss 60° abrupt turns, in order to realize a 
closed resonator. 
 
 

2. BASIC THEORY 
 
We consider an azimuthally symmetric structure as illustrated in Figure 1. The guiding defect, which is comprised of a 
material of refractive index ndefect, is surrounded by distributed Bragg reflectors on both sides, where the reflectors’ layers 
are of refractive indices n1 and n2. All the electromagnetic field components can be expressed in terms of the z-
component of the electric and magnetic fields.17 These satisfy the Helmholtz equation which in cylindrical coordinates is 
given by: 
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where ρ and θ are the radial and azimuthal coordinates respectively, m is the azimuthal wavenumber, β is the z-
component propagation coefficient,  k(ρ) = k0⋅n(ρ), k0 is the wavenumber in vacuum, and the refractive index n(ρ) equals 
either ndefect, n1, or n2 according to the radius ρ.  
The general solution of equation (1) can be expressed by a superposition of the Bessel functions of the first and second 
kind. 
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where kj is the material wavenumber in the jth layer. 
 

 
Figure 1. An illustration of the annular defect mode resonator structure. 

 



The other field components can be easily derived from Ez and Hz
17. Introducing (2) into (3) yields all the field 

components in the jth layer. The tangential component of the fields – Ez, Hz, Eθ, Hθ − must be continuous at the interfaces. 
This requirement can be written in the form of a transfer matrix, connecting the amplitude vector [A B C D] in the jth and 
j+1 layers. In this paper we consider ring resonator modes which propagate primarily in the azimuthal direction, having 
β ≈ 0. In this case there are two independent types of solutions – a TE mode with Ez, Hρ, and Hθ and a TM mode with Hz, 
Eρ, and Eθ. We consider the “TE” component of the electromagnetic field which is characterized by Ez, Hρ and Hθ. The 
tangential components of the field in the jth layer are given by: 
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where 22
βγ −= jj k , A and B are the same as in (2), J and Y are the Bessel functions of the first and second kind and the 

prime indicates a derivative with respect to the function argument. The continuity of the tangential fields at the boundary 
separating adjacent layers leads to: 
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Using relation (3), the field components A and B can be “propagated” from the inner layers to the external layers. We use 
the finiteness of the field at ρ = 0 so that B1 = 0. The second boundary condition is that past the last layer there is no 
inward propagating field so that BN+1 = -iAN+1 (for the TE mode) and N is the number of layers. 
 
 

3. STRUCTURE DESIGN 

3.1. First-Order Bragg reflectors 
The formalism of Section 2 enables us to find the modal field distribution in the case of an arbitrary arrangement of 
annular concentric dielectric rings. We are especially interested in structures that can lead to a concentration of the modal 
energy near a predetermined radial distance i.e., in a radial defect mode. 
 
High efficiency Bragg reflectors in Cartesian coordinates require a constant grating period which determines the angles 
in which an incident wave would be reflected. Generally, the grating wavenumber (2π/Λ where Λ is the grating period) 
multiplied by the reflection order should be approximately twice the transverse component of the incident wave’s 
wavevector17. However, when the structure possesses cylindrical symmetry, the conditions for efficient reflection are 
different. 
 
Several methods for determining the thickness, and thus the position, of the Bragg layer interfaces have been suggested 
in previous publications9-11. Compared to Bragg fibers18, the incident angle of the waves at the interfaces (measured from 
the normal to the interface) is smaller. Therefore, the asymptotic approximation19,20 is invalid and the “conventional” λ/4 
layers would not be appropriate. The principle underlying these methods is to position the interfaces between the layers 
at the zeros and extrema of the transverse field profile. Practically, this procedure generates effective “λ/4” layers, layers 
which have the width of a quarter of the radial oscillation period. However, since the radial field profile is a 
superposition of Bessel functions, this periodicity is not constant and the resulting layers are no longer equally spaced 
(see also Figure 3). This strategy ensures the decrease of the field intensity for larger radii and the reduction of radiating 
power from the resonator.  
 
Figure 2 depicts the index (A) and the modal field (B) profiles of an annular defect mode resonator. The high index 
layers have effective refractive index ( n ) of 2 while the low index layers and the defect have effective refractive index 



of 1. The internal and external Bragg reflectors have 5 and 10 periods respectively, the resonant wavelength is 1.55 µm 
and the azimuthal wavenumber is 7. The defect is located approximately at ρ = 5.6 µm and is 0.85 µm wide. 
 
Figure 3 shows the width of the high-index (stars) and low-index (circles) layers. Unlike regular Bragg (or photonic 
crystal) waveguides in Cartesian coordinates, the required gratings are chirped. At small radii the layers are wider due to 
the characteristics of the Bessel function, which exhibits lower oscillation frequency at small radii. The layers widths 
decrease for larger radii, asymptotically approaching the “conventional” quarter wavelength width λ/4n. The two 
exceptionally wider low-index layers in Figure 3 are the first low-index layer (ρ = 0-2 µm) and the low-index defect 
which has a width of λ/2. 

 
Figure 2. Radial index profile (A) and electric field (Ez) distribution (B) of an annular defect mode resonator. 

 

 
Figure 3. The high-index (stars) and low-index (circles) layer widths of the resonator shown in Figure 2. 



3.2. Higher Bragg-order reflectors 
Although the structure consisting of chirped quarter-wavelength Bragg layers forms an optimal reflector, its 
implementation could prove to be difficult. Because the layers’ spatial period changes, some of the conventional 
photolithography methods which are employed for generation of uniformly spaced Bragg gratings21 cannot be used. This 
introduces tight demands on fabrication accuracy and tolerances. A possible approach to overcome this problem is to 
position the interfaces in non-sequential zeros/extrema, i.e. allow the Bessel function in each layer to complete a full 
period before changing the index. From the Bragg reflection point of view, such an approach is equivalent to utilizing 
layers of thickness (2l+1)λ/4n, where l is a positive integer, or employing higher reflection orders of the Bragg stack. 
 
The resulting structure would have wider layers and would, therefore, be larger and exhibit smaller FSR. Figure 4 
compares the transverse field profile of the structure in Figure 2 (4A) and the transverse profile of a resonator designed 
for similar mode parameters (5 internal periods, 10 external periods, m = 7 for λ = 1.55 µm) utilizing wider layers (4B). 
The radius at which the field amplitude peaks is more than twice larger than the original (11.35 µm vs. 5.6 µm) and the 
radial decay rate of the field is smaller.  

 
Figure 4. A comparison of the modal field profile shown in Figure 2 (4A) and the modal field of a resonator based on second-order 

Bragg reflectors with similar parameters (4B). 
 
Figure 5 compares the dispersion curve of the higher-order Bragg based resonator (B) to the dispersion curve of the first-
order design (A). As expected, the FSR of the higher-order Bragg based resonator is significantly smaller than that of the 
original one (approximately 3 nm at 1.55 µm compared to ~20 nm for first order). The main reason for this decrease in 
the FSR is the increase in the defect radius. However, the FSR can be increased by using a composite Bragg reflector in 
which the low and high index layers employ different Bragg order. Since the lower index layers are inherently wider 
(especially in the lower radii regime), they can be realized utilizing quarter wavelength layers, while the high-index 
layers remain as a higher order Bragg layer. Moreover, depending on the radius and the index, the Bragg order of each 
layer could be determined separately to achieve the largest FSR. 



 
Figure 5. Comparison between the dispersion curves of an annular defect resonator employing first order (A) and second order (B) 

Bragg reflectors. 
 
 
 

4. DEVICE FABRICATION 
 
Annular Bragg resonators of several geometries and Bragg reflector orders were fabricated within a thin membrane of 
InGaAsP semiconductor material. A cross-section of the semiconductor epitaxial structure used is illustrated in Figure 6. 
The layers were grown by MOCVD on a (100) oriented InP substrate. This structure consists of a 500nm thick InP buffer 
layer, followed by a 50 nm InGaAsP (λg = 1.3µm) stop etch, and a 250nm InP sacrificial layer. A 250nm membrane 
composed of 605 Å InGaAsP (λg = 1.1µm) layers sandwiching six 75Å quantum wells (1% compressive strain) 
separated by 120 Å InGaAsP barriers (λg = 1.2µm, 0.5% tensile strain) completes the structure. Photoluminescence from 
the quantum wells peaks at a wavelength λ = 1559nm. Annular Bragg resonators were designed to have resonant 
wavelengths between 1.5-1.6µm, for large overlap with the gain spectrum of the multi-quantum-well material. 

 
Figure 6. InGaAsP/InP multi-quantum-well semiconductor structure. 



The optical gain of the semiconductor epitaxial structure used favors the TM polarization (Hz), because of the optical 
properties of compressively strained quantum wells22. The design and analysis of resonators for this polarization is 
similar to the TE case where, instead of equation (3), we use the TM boundary conditions: 
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In addition, we used the effective index method23 in order to reduce the 3-dimensional problem to a 2-dimentional one. 
For the fabricated device, the effective indices of refraction of the high-index and low-index layers are approximately 2.8 
and 1.54 respectively. 
 
The procedure followed to fabricate the annular Bragg resonators is as follows. First, an etch mask consisting of 120 nm 
of PECVD SiO2 was deposited on the semiconductor substrate. A 550 nm thick layer of PMMA electron-sensitive resist 
was spin-coated onto the substrate, and electron beam lithography was perfomed with a Leica EBPG 5000 direct-write 
system, to define the resonator patterns in the PMMA. The patterns were then transferred to the SiO2 layer with a 
reactive ion etching (RIE) step in C4F8 plasma, after which the remaining PMMA was stripped using O2 plasma. A 
second RIE step was used to transfer the SiO2 pattern through the 250 nm thick InGaAsP membrane and approximately 
75 nm into the InP sacrificial layer, using HI/H2/Ar plasma. Finally, the remaining SiO2 etch mask was removed with a 
buffered hydrofluoric acid wet chemical etch. 
 
The high refractive index of the InP substrate (n ≈ 3.17 at λ = 1.55 µm) on which the InGaAsP membrane is grown 
drastically reduces the vertical confinement of the guided optical mode within the membrane. Therefore, in order to 
achieve strong vertical optical confinement and improve the quality factor Q of the resonators, the patterned InGaAsP 
membrane must be surrounded by low index material. One method for achieving this is to generate an air-suspended 
membrane by selective removal of the InP beneath the device, as is commonly done with photonic crystal devices24. 
However, this technique is not applicable to the resonators studied here, because the concentric ring structure would 
collapse if the solid substrate were removed. Therefore, the resonators were flip-bonded to a double-side polished 
sapphire substrate with a thin layer of UV curable optical adhesive (Norland NOA 73, n ≈ 1.54 at λ = 1.55 µm). After 
fully curing the adhesive under a UV lamp, the InP substrate was removed using a combination of mechanical lapping 
and selective chemical etching. Note that the excellent thermal properties of sapphire can improve the conduction of heat 
generated during optical pumping away from the membrane. In addition, the large bandgap energy of sapphire, and 
associated transparency at visible and infrared wavelengths, permits optical pumping and imaging of the resonator 
luminescence from either the top or bottom of the device. Transfer of the semiconductor membrane to a transparent 
substrate also facilitates use of annular Bragg resonators for sensing applications. For instance, a solution containing an 
analyte whose concentration is to be monitored by the resonator could be introduced via the exposed top side of the 
device, while optical pumping of the resonator and imaging of the sensor signal could be accomplished through the 
transparent substrate.  
 
Scanning electron microscope images of several completed devices are shown in Figure 8, prior to transfer of the 
InGaAsP membrane to the sapphire substrate. The images were taken at a tilt angle of ~70° with respect to the substrate 
surface normal, therefore the circular resonators appear elliptical. Images (A)-(C) show annular Bragg resonators with 
defect widths of λ/2n, 3λ/2n, and 5λ/2n respectively. Odd-order defects were chosen to maximize modal overlap with 
the gain profile in the defect. A close examination of each reveals that the period of the Bragg gratings decreases moving 
radially outward from the center, as is required by the optimal design. The magnified view of the InGaAsP ridges in 
image (D) illustrates the very smooth vertical sidewalls achieved with our RIE process, which will minimize scattering 
of the strongly confined optical modes. 

  



 
(A) 

 
(B) 

 

 
(C) 

 

 
(D) 

Figure 8. SEM images of completed annular Bragg resonators, taken after RIE through the InGaAsP membrane. All devices have 
λ/4n wide (1st order) low index layers, and 3λ/4n wide (2nd order) high index layers. (A) λ/2n defect. (B) 3λ/2n defect. (C) 5λ/2n 

defect. (D) Magnified image of 3λ/4n wide InGaAsP ridges, illustrating smooth vertical sidewalls. 
 
 

5. MEASUREMENT RESULTS 
 
We measured and analyzed the vertical emission from the resonators under pulsed optical pumping. Figure 9(A) shows a 
schematic of the measurement configuration: A Ti:sapphire mode-locked laser was used to optically pump the devices at 
a center wavelength of 891 nm, repetition rate of 76.3 MHz and pulse duration of approximately 100 fs. A variable 
attenuator was used to control the pump power. The average pump power and center wavelength were monitored by a 
wavemeter, through a 50/50 beamsplitter. A 20x long-working-distance microscope objective (NA = 0.42) was used to 
focus the pump onto the annular Bragg resonators and to collect the emitted radiation from the devices. The position of 
the focal plane was varied to adjust the pump spot size at the sample surface, illuminating either a broad or restricted 
region of a single resonator, as illustrated in Figure 9(B). Positioning of the resonators under the pump spot was achieved 
using a high-precision mechanical stage with piezoelectric actuators. The photoluminescence signal was focused into a 
multimode fiber connected to an optical spectrum analyzer which was used to measure the power spectrum of the 
photoluminescence. Alternatively, the photoluminescence signal could be imaged by an infrared vidicon camera (after 
filtration of the pump reflected from the sample), by redirecting the signal with a flip-up mirror. A CCD camera was also 



positioned to image the resonators and the pump spot, for alignment purposes, using a white light source and a second 
flip-up mirror. 

    
         (A)        (B) 

Figure 9. (A) Schematic of measurement setup. The solid gray line denotes the pump laser beam, the dash-dotted line denotes the 
resonator luminescence signal, and the dashed line denotes the white light used for imaging devices. (B) Close-up view of resonator, 

illustrating the positioning/focusing of optical pump spot. 
 

Figure 10 depicts the photoluminescence spectra of the un-patterned QW layer structure for different pumping powers. 
As the pumping power is increased, the FWHM of the luminescence broadens from approximately 70nm to 110nm, and 
the peak of the photoluminescence shifts towards longer wavelength due to heating. The luminescence peak wavelengths 
at 5mW and 1mW pump level are essentially identical, indicating that heating is of less significance at these pump 
levels. 

 
Figure 10. Photoluminescence of the unpatterned QW layer structure. 

 
Figure 11 shows the spectra of an ABR with a λ/2n defect (see Figure 8(A)) at low (Figure 11(A)) and high (Fig. 11(B)) 
pump levels. The inset of Figure 11(A) depicts the integrated spectral power emitted from the resonator surface, 
indicating lasing threshold at approximately 1mW pump power. 



 
Figure 11. Emission spectra of an ABR (similar to the one shown in Figure 8(A)) for low (A) and high (B) pump powers. Inset in (A) 

– integrated emitted power as a function of the pumping level. 
 
Just above threshold (Fig. 11(A)), the ABR exhibited four distinct resonance wavelengths with an FSR of approximately 
14 nm. As the pump level was increased, the resonances broadened and slightly shifted towards shorter wavelengths. At 
higher pump levels (more than 1.5mW) emission in additional resonance wavelengths is shown. We attribute these 
resonances to more lossy modes which are not necessarily confined at the defect. As for the lower pump levels, the peaks 
continued to shift toward shorter wavelengths as the pump level was increased (see Figure 11(B)). 
Theoretical analysis of the measured structure predicts an FSR of ~18 nm at (see Table 1). We attribute the difference 
between the theoretical and the measured FSRs to dimensions and refractive index differences and to the employment of 
the effective index approximation. 

Azimuthal number Wavelength (µm) 
24 1.6325 
25 1.613 
26 1.5948 
27 1.5769 

Table 1. Theoretically calculated resonance wavelengths of the measured ABR. 
 
 

6. CONCLUSIONS 
 
We have analyzed annular defect mode ring resonators based on radial Bragg reflectors. We saw that extremely small 
resonators (a few microns in diameter) exhibiting large FSR can be realized utilizing relatively low index materials. 
Several geometries for the Bragg reflectors were suggested, analyzed and fabricated. The straightforward configuration 
(each layer serves as an equivalent quarter wavelength plate) offers the smallest resonator exhibiting the largest FSR. 
However, manufacturing of such a device requires the realization of small and accurate features, especially if the optimal 
grating structure is required. Employment of higher-order Bragg gratings relaxes the fabrication tolerances, but 
deteriorates the FSR. 
 
The composite configuration, i.e. tailoring each layer’s Bragg order and width according to its refractive index and 
radius, seems to be the best compromise between large FSR and fabrication complexity. Quarter wavelength layers can 
be easily realized if the material refractive index is low or if the layer is positioned in a small radius where the equivalent 



index, neq, is low. Employing the thinnest possible Bragg layers is important especially for the internal Bragg reflector, 
because this region limits the minimum defect radius, and hence, the FSR. The external Bragg reflector could be realized 
using higher-order Bragg layers without a major influence on the resonator performance. 
 
Several annular Bragg resonator designs, having varying defect order and azimuthal number m, were realized in an 
InGaAsP membrane structure. Electron beam lithography and several reactive ion etching steps were employed to define 
the resonator devices. A low-index UV curable optical adhesive was used to transfer the 250nm thick InGaAsP 
membrane to a sapphire substrate for improved optical confinement of the resonator modes. This epitaxial transfer 
process also facilitates the use of annular Bragg resonators in sensing applications, by permitting the optical near-field to 
interact with the surrounding environment from one side, while simultaneously allowing optical pumping and imaging of 
the photoluminescence signal through the transparent substrate. 
 
The vertical emission from optically pumped ABRs was measured and analyzed. In-plane lasing was observed at 1.6µm 
with pump threshold of approximately 1mW. At low pump level, where membrane heating is insignificant, the resonance 
wavelengths tend to shift toward shorter wavelengths as the pumping is increased. Qualitative agreement was found 
between the spectral characteristics of the measured device and the two-dimensional theoretical analysis. Close to 
threshold, wide FSR of 14nm was exhibited. However, as the pumping power was increased, additional resonances 
appeared. 
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