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プレゼンター
プレゼンテーションのノート
Thank you chairman, for your kind introduction. Today, I’d like to share our recent results on the detection of contamination of pure water using silica microsphere.  In addition to microsphere studies, I’d like to show results on silica toroid microcavity and discuss the comparison of using these two cavities.  I am Jiro Nishimura, and this work was supervised by Professor Takasumi Tanabe.
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Outline 

1. Introduction: Conventional optical sensors 
Tradeoffs device size vs. sensitivity 

2. Objective 
3. Sensor w/ silica toroid microcavity 

Detection limit 
4. Sensor w/ silica microsphere 

Comparison of two types of cavities 
5. Summary 

プレゼンター
プレゼンテーションのノート
 This is an outline of my talk.  First, I’ll begin with an introduction.  I’ll discuss the tradeoffs between the device size and the sensitivity that is unavoidable in conventional optical sensors. Then I’ll show sensing experiments using silica toroid microcavity and discuss the detection limit. After that, I’ll show experiments using silica microsphere and compare it with toroid cavity. Finally, I’ll conclude.
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Advantage of microcavity sensor 
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Light interacts only once 
A. Nitkowski, et al., Opt. Express, 16, 11930 (2008). 
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V 2.5 μm3 1.7 μm3 110 μm3 5,000 μm3 

Q 5,000 106 108 8×109 

Coupling 
w/ fiber 

difficult difficult easy easy 
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J. Robinson et al.,  
      Opt. Express 16, 4296 (2008). 

E. Kuramochi et al., 
    APL 88, 041112 (2006). 

D. Armani et al.,  
      Nature 421, 925 (2003). 

F. Vollmer et al., 
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Conventional: 
IT spectroscopy 

New method: 
Microcavity 

Small size & sensitivity CANNOT coexisist Small size & sensitivity CAN coexisist 

プレゼンター
プレゼンテーションのノート
Optical sensing are attractive for applications such as biophotonics and chemical detections. However, conventional methods usually have tradeoffs between the device size and the sensitivity. It is because of the small interaction between light and matter.
Recent development on high-Q optical microcavities enables us to overcome this problem.  Since the light resonates in the cavity, light interacts with the target many times.  This is the key to obtain small size and high sensitivity at the same time.
Not only a silicon microring resonator, but also different microcavities such as silica spheres and silica toroid microcavities are attractive due to their high Qs.  In terms of Q over the mode volume V, photonic crystal nanocavity and toroid microcavity have the highest value. But toroid microcavity is easier to couple with an optical fiber. So, this device is attractive for the use of optical sensing.
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Objective 

1. Demonstrate high sensitivity and small 
size using a silica toroid microcavity 
 
 

2. Show the comparison between toroid 
microcavity vs. microsphere 

プレゼンター
プレゼンテーションのノート
The first objective of this talk is to show the high sensitivity and small size of a silica toroid microcavity sensor. Through the detection of contamination in pure water, I’ll discuss the sensitivity of this device. The second purpose is to present comparative study on the performance of silica toroid microcavities and silica microspheres as an optical sensor.
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Sensing operation of a WGM cavity 

Detection is performed according to resonant shift 
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F. Vollmer, et al., Nat. Methods 5, 591 (2008). 

プレゼンター
プレゼンテーションのノート
 Now I’ll briefly explain the detection principle.  The resonant wavelength of an optical cavity is determined when the refractive index and the cavity size are given.  Eventually, resonant shift occurs when particles adsorb on the cavity surface. When the thickness and the refractive index of the adsorbed material are given (by these), we can obtain a wavelength shift as given by this equation. So, we may be able to characterize the contamination in pure water.




71.0 pm 

Experiment using silica toroid microcavity 

38.8 μm 

𝑄 = 1.0 × 106 

96.6 pm 

Pure water NaCl aq (25 mM) 
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Measure Measure Soak(3min) 
Toroid cavity 

Tapered fiber Liquid 

Dry 

Experimental procedure 

プレゼンター
プレゼンテーションのノート
This slide shows the experimental procedure.  First, we measure the transmittance spectrum of a silica microtoroid with a conventional taper fiber setup.  After we place the cavity in pure water for 3 minutes we dry it in a clear environment.  Finally, we measure the transmittance spectrum in order to obtain the wavelength shift.
This picture shows the fabricated toroid microcavity that exhibits a Q of about a million with a radius of about forty micrometer.
The graph on the left is the result of pure water.  We obtained about 70-pm wavelength shift. Surprisingly, we obtained a small shift even when we use pure water.  It shows the high sensitivity of this measurement. Next, we performed the same experiment by using water with 25 milli-moles per liter sodium chloride.  Obviously, we obtained a larger shift for this case.




Copyright © Keio University  ｜  7 

R=36 μm 

Experimental results agrees well w/ theory 
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プレゼンター
プレゼンテーションのノート
This graph summarizes the experimental results. We took the inverse of the cavity radius as horizontal and the wavelength shift, as vertical. We obtain larger wavelength shift for a cavity with a smaller radius and that dependency agrees well with this theoretical equation. The black dots are the results for pure water. Although we observe some measurement error between trials, it is very small. We believe that the residual error is due to the measurement error of the cavity size.
The red and blue dots are for water with 25 and 50 milli-moles per liter sodium chloride, respectively.  Obviously we obtained larger shift for higher ion concentration.
When we plot the sodium chloride concentration versus the wavelength shift, for a cavity with radius of 36 micrometer, we obtained this graph.  This graph shows that the wavelength shift is in proportion to the concentration, as predicted by this theoretical equation. From this graph, we can estimate the detection limit.
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Our method Commercial method 
Detection limit 1.2 mM 1.7 mM 

Sample volume 0.1 nL 0.3 mL 

Detection limit 

1.2 mM 
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   After 

Δ𝜆 
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Resonant shift vs. Linewidth 
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プレゼンター
プレゼンテーションのノート
In order to detect the change, we need a larger shift than the resonance width of the cavity.  Since the cavity Q is about a million, the shift must be larger than this point (アニメーション).  Eventually, we obtain a minimum resolution of 1.22 milli-moles per liter. This value is about the same as that obtained with commercial ion-selective method, of which detection limit is about 1.7 milli-moles per liter. It should be noted that we neglect the measurement error caused by the cavity size estimation, because it can be minimized by using better size measurement method.  If we take this error into account, we obtain a resolution of about 10 milli-moles per liter. 
Even though the sensitivity is about the same, a toroid microcavity sensor requires much smaller amount of sample.  The required sample volume is only about 0.1 nano liter, compared to 0.3 milli-liter for conventional method.
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Experiment using silica microsphere 

Experimental procedure 

Measure Measure Soak Dry 

Tapered fiber 

Silica microsphere 

Liquid 

32.2 μm 

92.7 μm 

𝑄 = 1.0 × 106 

37.15 pm 

Pure water 

プレゼンター
プレゼンテーションのノート
Next we show the same experiment but by using silica microsphere in order to discuss the comparison between the two. Microsphere cavity is made from an optical fiber by irradiating CO2 laser beam.  The graph on the right is the resonant spectra of the silica microsphere.  The black line is the resonance before the adsorption and the red line is after the process.  We observe the resonance of the cavity shifting toward the longer wavelength.
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Azimuthal number vs. shift 

T. J. Kippenberg, Ph. D. Tehesis (2004). Randomness 

n=1 n=2 

n=3 

プレゼンター
プレゼンテーションのノート
By repeating the same experiments we obtained this graph. The black dots are for pure water, and the red dots are for water with some contamination.  Although we obtained larger shift for contaminated water, we suffered from large randomness.
To clarify the cause of this randomness, we pay attention to the optical modes in microsphere cavity.  This picture shows the mode profiles with different azimuth number.  The amplitude of the evanescent field is larger for the higher than for the lower mode.  As a result, the higher mode exhibit larger shift, when particle adsorb.  However, it is difficult to distinguish these modes experimentally, and this leads to the randomness of the experimental result. 




38.7 μm 
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Comparison between silica microsphere  
and silica toroid cavity 

Silica microsphere Toroid cavity 

Δ𝜆𝐹𝐹𝐹=5.91 nm 
Δ𝜆𝐹𝐹𝐹=6.65 nm 

A number of  modes A few modes 

Many azimuthal 
modes are excited 

Easy!! 
32.2 μm 

92.7 μm 

プレゼンター
プレゼンテーションのノート
In spite of using the similar silica whispering gallery mode cavities, we obtained quantitative result only with a toroid microcavity.
The resonances of these two cavities are shown below.  As can be seen, silica microsphere has a large number of modes, while silica toroid microcavity has only a few.  This is because the higher order azimuthal modes are prohibited in silica toroid microcavity, which makes the sensing application much easier to perform.  This is why we gained random results in silica microsphere and better results in silica toroid cavity. Therefore we conclude that the use of silica microsphere is not a good choice for a quantitative detection of contamination of water.
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Summary 

1. Demonstrated NaCl detection in water w/ 
silica toroid microcavity 
High detection sensitivity: ~10 mM 
  (can reduce to 1.2 mM) 
Small sample volume: 0.1 nL 
 

2. Discussed the comparison between 
microtoroid vs. microsphere 
Toroid microcavity is more appropriate 

than microsphere 

プレゼンター
プレゼンテーションのノート
 Finally, I’d like to conclude my talk. 
 We demonstrated the detection of sodium chloride in water using a toroid microcavity, and obtained a resolution of about 10 milli-moles per liter.  This value can potentially reduce to 1.2 milli-moles per liter. The significance is the small sample volume. It requires only 0.1 nL for the detection. 
We also showed that silicon toroid microcavity is more appropriate for the use of sensing application than a microsphere cavity, because it excite a fewer number of azimuthal modes.  This enables us to perform a quantitative analysis.
We believe this study shows an application of high-Q microcavity for sensing application, and open possibility for extremely high sensitivity detection of contamination in pure water.
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Thank you very much 

プレゼンター
プレゼンテーションのノート
Thank you very much for your attention.
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