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Abstract: We demonstrate an ultra-sensitive sensor realized in high quality circular semiconductor 
micro-cavities employing radial Bragg reflectors. Resolution enhancement by a factor of ten, compared 
to conventional ring resonators, is demonstrated experimentally. 
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1. Introduction 

The realization of highly miniaturized spectroscopic components capable of detecting selective binding of ultra-
small quantities of chemical or biological agents is a significant step towards the development of compact and 
versatile “lab-on-chip” devices. One of the most attractive approaches for the realization of compact integrated 
optical sensors is detecting the shifts of the resonance frequency of a micro-resonator caused by changes in the 
refractive index of the device surroundings [1-4]. To achieve high sensitivity, large interaction volume between 
the modal field profile and the analyte is desired. In conventional resonators, employing total internal reflection 
(TIR) as the radial confinement mechanism, only the small evanescent tail of the field interacts with the 
surroundings, which consequently limits the sensitivity. Microcavities employing distributed Bragg reflection as 
the transverse confinement mechanism such as photonic crystal (PC) defect cavities [4-6] and annular Bragg 
resonators (ABRs) [7-10] exhibit unique mode profile which can offer enhanced sensitivity because of the larger 
interaction volume (see Fig. 1). 

Here, we demonstrate an ABR laser for biochemical sensing applications with high spectral resolution and 
excellent sensitivity to changes in the absorption or refractive index of its surrounding. We compare the 
sensitivity of the ABR sensor to that of a conventional, TIR based, resonator of similar material and dimensions 
and find that the measurement resolution of the ABR sensor is ten times larger than that of the conventional 
device. 
 
2. Design concept and theory 

Figure 1a shows an SEM micrograph of an ABR sensor realized within a thin membrane of InGaAsP active 
material. The device consists of a circumferentially guiding defect surrounded by radial Bragg stacks from both 
sides. The electromagnetic propagates along the circumference of the defect while radially confined in the 
defect by the radial Bragg mirrors.  
The reflectors of the ABR shown in Fig. 1a consist of 5 and 10 Bragg layers respectively and the device is 
designed for angular propagation coefficients of m=9. Due to the circular geometry, the optimal layer widths 
required to confine the light in the radial defect are not constant [7, 8] but rather monotonically decreasing with 
the radial distance, asymptotically approaching a constant width for large radii. Like conventional DBRs, radial 
Bragg reflector also consists of “quarter-wavelength-like” layers but in the sense of the quasi-periodicity of the 
Bessel function of the corresponding order (9 for the device shown in Fig. 1a) where we define “quarter-
wavelength” as the separation between successive zero and extremum of the Bessel functions. The defect should 
be “half-wavelength” wide in the same notations .For practical reasons, the Bragg reflectors are of mixed order, 
i.e., the low-index layers are quarter-wavelength wide while the high-index layers are three quarter-wavelength 
wide. Such an approach facilitates the fabrication of the device and induces efficient emission in the vertical 
direction, enabling simple collection of the emitted light from the device.  

Figure 1b depicts the radial mode profile and index structure of the fabricated ABR. The field peaks in the 
defect and decays while oscillating in the reflector regions. Fig 1b also illustrates the advantages of the ABR 
structure for sensing applications. Even though the main lobe of the mode profile does not interact with the 
device surroundings, significant parts of the field within the trenches between the semiconductor rings are 
exposed to the surroundings (light gray if Fig. 1b), thus yielding large interaction volume (compared to a 
conventional resonator). Therefore, an ABR based sensor is expected to exhibit enhanced sensitivity compared 
to a conventional resonator of similar dimensions. 
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Fig. 1. (a) SEM image of the ABR sensor and (b) the radial mode profile and index structure of the device: dark gray – high index;  

light gray – low index. 
 

 
3. Fabrication and measurement 

ABRs of several geometries were fabricated within a 250nm thick membrane of InGaAsP with six 75Ǻ quantum 
wells (QW) positioned at the center. After the ABR patterns were etched into the active material, the original 
InP substrate was removed and the membrane was transferred to a sapphire plate using an ultraviolet curable 
optical adhesive to improve the vertical confinement of the electromagnetic field in the device [9, 10]. The 
effective index of the membrane was found to be approximately 2.8 for the Hz polarization and 2.09 for the Ez 
polarization. Since the Hz polarization is more confined than the Ez polarization and the optical gain of the 
compressively strained QW structure used favors the Hz polarization [11], we optimized the radial structure to 
this polarization. 

The emitted spectrum of the lasers was examined at room temperature under pulsed optical pumping. An 
890nm pump beam from a Ti:Sapphire mode locked laser was focused through the transparent sapphire 
substrate on the backside of the sample with a 50X objective lens. A 20X objective lens was used to collect the 
vertical emission from the front side of the sample and to couple the light into a multi-mode fiber to obtain the 
emitted spectrum. 

To test the influence of a change in the ambient refractive index on the laser spectrum, the ABR was 
sequentially immersed in a specially designed beaker containing index-matching fluids with increasing index of 
refraction. For each fluid, the emitted spectrum is measured under similar pump intensity (Ppump ~ 2.5mW) and 
spot size. Between measurements the ABR is rinsed thoroughly in acetone and isopropyl alcohol (IPA) in order 
to remove any residual traces of the previously used index-matching fluid. Figure 2a shows the emitted 
spectrum from a single ABR laser immersed in various fluids. It can be seen that wavelength shifts by more than 
10 nm when the ambient refractive index of the cavity is changed by 0.08, demonstrating sensitivity of dλ/dn ~ 
130nm (see Fig. 3). 

The FWHM of the lasing peak emitted from the device was ~1nm. For such linewidth, shifts in the 
resonance wavelength of 0.1nm can be easily resolved, thus allowing the detection of ambient index changes of 
∆n~5x10-4, which to our knowledge is the one of the best resolutions ever demonstrated using integrated optical 
nano-sensors [4]. 

To demonstrate the advantages of ABR-sensors in terms of sensitivity and resolution, we compare the 
performance of our device to that of a conventional ring resonator with 5µm radius consisting of the same 
material. Figure 2b shows the shifts in the resonance wavelength of the conventional resonator for the same 
ambient indices of refraction used to characterize the ABR sensor. The sensitivity of the conventional resonator 
is approximately dλ/dn ~ 33nm (see Fig. 3) and the resonances FWHM are ~1.4nm wide. As a result, the 
advantage of the ABR as a sensor is two-fold: 1) The sensitivity of the ABR is 4 times larger than that of the 
conventional device because of the larger interaction volume and 2) the conventional resonator has wider 
linewidth because of its lower Q, which reduces the ability to resolve the resonance wavelength. For 1.4nm 
FWHM, the ability to resolve the resonance wavelength is limited to ~0.14nm, which when combined with the 
lower sensitivity of the conventional device, yield a minimum detectable index change of ∆n~4x10-3 – 
approximately an order of magnitude less than that of an the ABR sensor. 
 



 
Fig. 2. Lasing  spectra from the (a) ABR and (b) conventional ring resonator for five different ambient refractive indices ranging from 

n=1.52 to n=1.6 in 0.02 increments. 
 

 
Fig. 3. Comparison between the shifts in the emitted wavelength of an ABR and a conventional resonator for changes in the ambient 

refractive index. 
 
4. Conclusions 

High Q circular Bragg micro-cavity lasers offer significant improvement of the ability to detect small changes in 
the ambient refractive index. We demonstrated lasing at room temperature from such lasers and showed that 
small changes in the ambient refractive index can be detected by observing the corresponding shifts in the lasing 
wavelength. Compared to conventional resonators, sensitivity enhancement of an order of magnitude was 
demonstrated experimentally. The resolution of the ABR sensor can be further improved by using an air-defect 
design. Because of their highly compact dimensions and enhanced resolution, ABR lasers have great potential 
for becoming key components for the realization of compact, integrated biochemical sensor arrays. 
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