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摘要

表面電漿共振(surface plasmon resonance，SPR)顯微儀可即時且靈敏地量測於界面間所造成之厚度與介電常數微量變化，並可獲得空間量測資訊。本系統為一共光程(common-path)移相干涉術(phase-shift interferometry，PSI)之相位量測設計，由於P偏振入射光才可激發表面電漿波(surface plasmon wave，SPW)形成共振現象，而且SPR現象會隨界面條件微量改變而造成反射相位驟變，同時利用S偏振光相位保持不變為參考光，將兩者形成干涉圖案，利用電光調變器(electro-optical modulation)來造成相位移干涉，並經由相位重建方法取得空間相位之變化情形。此共光程相位技術可減低外界環境擾動、機械振動與雷射不穩定等因素，提供長時間穩定之相位量測(於兩個小時內可達10-3π之穩定度)，目前此系統可精密偵測到1x10-6π RIU折射率之變化，其空間側向解析度(lateral resolution)約10μm左右。

Abstract
A common-path surface plasmon resonance (SPR) phase-shift interferometry (PSI) imaging system is proposed based on the integration of SPR and common-path PSI techniques to measure the 2-D spatial phase variation caused by biomolecular interactions upon a sensing chip. The common-path SPR-PSI imaging system offers high resolution, high-throughout screening, and long-term stability capabilities to analyze microarray biomolecular interaction without the need for additional labeling, and provides valuable real-time quantitative information. Currently, the common-path PSI technique by means of a five-step phase reconstruction method with a liquid crystal device (LCD) can provide an extreme long-term stability (這段有點像廣告文字，若投稿的目標非常technical, 要不要換成中文版 說明為什麼 會有這樣好的特性, 的那一段) even with external disturbances such as mechanical vibration, buffer flow noise, and laser unstable issue to match the demand of real-time kinetic study in drug discovery. The SPR-PSI imaging system has achieved a detection limit of 1 × 10-6 refraction index change, a long-term phase stability of 10-3 ( in over 120 minutes, and a spatial phase resolution of 2 x 10-3 ( with a lateral resolution of 50μm.
一、前言 

1. INTRODUCTION

表面電漿共振(surface plasmon resonance，SPR)感測器可量測在固體與液體或固體與氣體界面之奈米膜層之介電常數或厚度的微量變化[1,2]。由於SPR技術具有快速地、靈敏度高、動態分析、無須對待測分子做任何的標記及定性和定量生物分子交互作用之優點，自1992年來便被廣泛地應用在生物分子診斷或奈米膜層分析的領域上[3]。然傳統SPR技術主要為單點或區域性檢測，要在未來取代其他檢測技術，不只應具有方便性、經濟性、高速化之感測器與系統之外，更應往具超高靈敏度、高解析與高可靠性之影像系統來發展，使之用於生物分子診斷上提供大量平行篩檢資訊，並於奈米膜層空間分析上提供顯微影像資訊[3-10]，提供一於奈米尺度高靈敏與高解析的量測平台。

Surface plasmon resonance (SPR) sensors can be applied to measure slight variations in dielectric constant or thickness of nanometer membrane at the interface of solid and liquid or solid and gas [1,2]. Applying SPR for detection, there is no need for labeled molecules and it is suitable for both qualitative and quantitative analysis on bio-molecular interactions. The process is also prompt, of high sensitivity and good for real-time analysis. It has been widely applied to bio-molecular diagnosis and nanometer membrane examinations [3]. SPR technology has been applied to localized examination. Therefore, in addition to convenience, economy, fast speed, developing SPR technology for high sensitivity, high resolution, and reliable microscopic imaging would make vast parallel bio-molecular screening possible [3-10].

傳統SPR影像系統主要以在入射角度於SPR角附近時，以一平行準直的單色光源照射有金膜與樣品組合的耦合稜鏡或光柵上，經由一光學影像系統處理後，由CCD偵測器取得SPR影像資料。這種系統雖然具備大量平行篩檢能力，然其偵測解析度卻大大被降低，難以偵測於低濃度下，較低分子量的分析物。根據理論及文獻上的研究分析，SPR感測器在各種耦合及量測方式對於檢測物之折射率解析度以菱鏡藕合方式量測SPR之相位變化具有最高之靈敏度[3]，其量測方法是利用信號光相位與參考光相位干涉比較反應前後，相位改變情形分析而得。因此以量測SPR相位之影像系統可以獲得比傳統影像系統更高之偵測解析度。本文的主要目的是針對表面電漿共振所造成之高靈敏相位變化，開發用於分析奈米膜層於空間上之介電常數或厚度的微量變化情形並可用於高通量即時動態量測生物分子之間的交互作用平行檢測之表面電漿共振干涉影像系統，由於共光程(common-path) 干涉技術的特性，可於長時間的量測下減少外界環境擾動、機械振動與光源不穩定造成相位飄移之因素，獲得一穩定之相位資訊。本嶄新系統結合表面電漿共振、共光程移相干涉術(phase-shift interferometry，PSI)來完成於空間平面上之相位量測。

Conventionally, SPR imaging system applies a parallel monochromatic light beam incident on the sample and gold membrane compound at the coupling prism or grating interface. The angle of incidence is close to the SPR resonance angle and the SPR interference pattern is captured by a CCD detector. Such system has massive parallel screening power, however, its resolution is low that it is difficult to detect samples of low molecular weight and low concentration. Comparing SPR detector of various configurations, applying prism couple to produce interference between SPR phase shift with respect to the reference light beam produces the best sensitivity [3]. Therefore, we developed a SPR interference imaging system with common optical paths for high through put real-time dynamic measurement of bio-molecular interaction causing slight variation in the dielectric constant or thickness of a nanometer membrane. Since signal and reference beams pass through a common optical path, the phase shift drifts due to environmental change, mechanical vibration, and light source fluctuation are common in the two beams and would cancel each other. Therefore, we can achieve a spatial phase shift measurement system combining SPR and common path phase-shift interferometry (PSI) for long term stability and high resolution.

二、表面電漿波激發

表面電漿共振是一種存在於金屬(如金或銀於可見光區)與非導電介質(空氣或水)界面的物理現象，可藉由外加電子或光子來激發薄金屬層及含有待測物介電層界面間之縱向表面自由電子共振運動，稱之表面電漿波(surface plasmon wave，SPW)。而為了激發非放射性(nonradiative)的表面電漿波(Fano mode)[1]，多採用衰逝全反射(attenuated total reflection，ATR)方法，即當入射光於全反射時，P-wave會進入第二介質，其穿透深度約半個波長左右，即為衰逝波(evanescent wave)。由於表面電漿波振盪方向沿著金屬與待測介質界面傳遞，使電磁場有效地集中於界面間，此衰逝波電場極大值在界面，並隨離開界面距離成指數分佈遞減。

SPR occurs at the interface between metal (such as gold or silver in the frequency range of visible light) and nonconductive media (such as air or water). Surface plasmon wave (SPW) is the vibration of free electrons vertical ? to the interface of the thin metallic layer and the dielectric medium carrying samples to be measured. SPW can be generated by electron or photon impinging on the interface. However, in order to excite nonradiative SPW in fano mode [1] attenuated total reflection (ATR) is applied to generate SPW. When incident light reaches total reflection, P-wave enters the second media for the depth of half an wave length so that the electromagnetic field is concentrated mostly at the interface surface. Therefore it is evanescent and propagates along media interface. The electric field intensity decays exponentially from its maximum with the distance away from the interface. 

因此，當P-wave於界面的平行波向量分量
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[image: image2.wmf]spw

k

滿足匹配條件時，SPR發生[1]，即  Therefore, SPR occurs when the P-wave component 
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 satisfy the following matching condition [1]:
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式中
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表入射光平行於金屬與待測界面的波向量分量，
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指入射角為SPR角，
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為耦合稜鏡之介電常數(dielectric constant)，
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為結構的SPW向量。其發生SPW時的色散關係式為 

where 
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 represents the component of the incident light parallel to the metal and sample carrying media interface, 
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 represents the incident angle for SPR, 
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 is dielectric constant of the prism, 
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 is the SPW vector. ? The reflectivity of SPW is
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其中
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分別為與波長相關的介電質及金屬的介電常數。當滿足匹配條件時，大部份的入射光能量將傳給SPW。

Where 
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 represents the dielectric constant of the media and metal respectively. When the matching condition is satisfied, most incident power is transferred to SPW.

利用Kretschmann菱鏡藕合方式增加波向量以激發表面電漿波，其結構為菱鏡、金屬薄膜以及待測介電層。由Fresnel算式可推算出於三層組態下之光的反射率可表示為

Kretschmann prism coupling enhances the wave vector. The optical path consists of three layers, namely, the prism, the metallic thin film, and the dielectric sample. Thus the reflectivity can be represented by the following Fresnel formula 
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其中 where 
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為金屬薄膜厚度，而
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為P-wave偏振光的反射係數，另外
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可表示為 
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is the thickness of the metallic thin film, 
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 is the reflectivity of the reflectivity of P-wave, 
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可由上面之推導模擬出在共振角時P-wave反射強度變小並且相位有一非常劇烈之變化現象，而S-wave則不會激發表面電漿波所以不會有反射光吸收與相位劇烈變化之情形。

Therefore, it can be shown that the reflectivity of P-wave drops drastically at the resonance angle while S-wave does not excite SPW and therefore does not demonstrate absorption and drastic phase shift variation in it reflection.

三、系統架構

本系統以一共光程之架構量測P-wave與S-wave經SPR後所造成之空間相位差變化，並且結合移相干涉術可以精確的解析空間相位。系統架構如圖一所示，由一波長為632.8 nm He-Ne雷射做為入射光源，之後經過一光軸與入射面有一夾角之線性偏振片，並藉此調整入射P-wave與S-wave之分量，之後經一光束擴大器產生出一平面光束，以此經由一BK7菱鏡藕合ATR激發表面電漿波後反射出來，此時P-wave與S-wave產生一相位差，而後經由一分光鏡將光一分為二，轉折的光線再經由一偏振片使得只有P-wave通過，再由一聚焦透鏡將光收歛至一光感測器，並依此偵測共振角之角度；直行之光線經由一成像透鏡後再經電光調變器(此為液晶相位延遲器)，此時P-wave振盪方向置於快軸上，S-wave震盪方向置於慢軸上，經由外加電壓做相位之調變後，通過一檢偏片產生干涉，並調整透光軸之方向以調整P-wave與S-wave的分量，之後經CCD取得影像資訊。在SPR感測層部份，由於金的特性穩定，因此薄膜金屬的選擇為金，介電常數為-10.8+1.47j，而在金與玻片之間以Cr做一界面犧牲層以增加其附著力，之後再與折射率為1.515之菱鏡以中間以匹配溶液達到緊密配合。

The experiment setup is shown in Figure 1 where the P-wave and S-wave pass through a common path to experience spatial phase shift due to SPR. The spatial distribution of phase shift can be revealed with high resolution by phase shift interferometry. As shown in Figure 1, the incident light source is a He-Ne laser with wave length 632.8nm. The source beam passes through the collimator and then the linear polarizer at an adjustable angle with the incident plane in order to adjust the relative magnitude of the P-wave and S-wave components. The incident beam passes through an expander to cover the sample surface. The expanded beam is coupled by a BK7 prism to generate SPW and its ATR so that P-wave and S-wave have relative phase shift. The resulting beam is then split in two: the deflected one is fed through a polarizer transmitting only the P-wave to be focused onto the light detector in order to detect the SPR angle, while the strait through beam passes through the electro-opto modulator (liquid crystal phase shifter) so that the P-wave falls on the fast axis and S-wave falls on the slow axis to produce interference on a piece of “?檢偏片”. The P-wave and S-wave component can be adjusted by the orientation of ?its optical axis for final balance. The interference pattern on the “?檢偏片” is captured by CCD for analysis. 

Since the property of gold is rather stable, it is chosen as the material for the metallic thin film. Its dielectric constant is -10.8+1.47j. A ? sacrificial layer of Cr is put between gold and glass to increase their adhesion. The prism has reflectivity of 1.515 and it is matched to the gold layer with ? solution. 

在本系統中以一向列型液晶相位延遲器做一共光程移相干涉，其為一正型單光軸晶體，相對於其他的光電晶體，液晶具有製造容易、成本較低之外其折射率異方性(anisotropic index)遠大於一般電光晶體，且其所需調變電壓遠小於一般之電光晶體[11]之優點。

A “?向列型” liquid crystal phase shifter is applied to produce phase shift interferometry in the common optical path. It is a “?正型” crystal of single optical axis. Comparing to other opto-electrical crystal, liquid crystal is easier to manufacture, lower in cost, and has higher anisotropic index requiring smaller modulation voltage [11].

利用兩正交偏振光進入單折變晶體之光程不同，因而造成一相位差，當我們固定入射角時，可以藉由外加電場改變液晶之光軸方向，進而改變入射液晶晶體的角度，以達到改變快軸與慢軸彼此之間之相位差值。

As light beams polarized in orthogonal directions enters crystal of single optical axis, they experienced different optical paths resulting in different phase shift. If the incident angle is fixed, the direction of the optical axis can be altered by altering the voltage applied to the crystal. The phase shift between the fast axis and slow axis is thus modified.

在此經由校正得五電壓值，分別可產生
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相位差，其中
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為初始相位，利用一線性偏振片使兩軸上之光產生干涉後由CCD取得五張干涉強度影像，以1987年Hariharan提出之五步相位還原法取得空間平面上之相位[12]

Applying the voltages calibrated to produce optical axis at these five different phase shifts 
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 is the original default phase shift, five interference images of different phase shifts can be displayed on the linear “? 偏振片” to be captured by the CCD as digital image data. Applying the five step phase shift recovery algorithm proposed by Hariharan [12] the spatial phase shift information can be obtained as follows


[image: image42.wmf]ú

û

ù

ê

ë

é

-

-

-

=

-

1

5

3

4

2

1

2

)

(

2

tan

)

 

,

(

I

I

I

I

I

y

x

f

                                                  (6)

而後再將取得之相位做二維之解纏繞，去除不連續之相位，原始相位即可被重建出來。

Applying two dimensional phase unwrapping at phase shift discontinuity, original spatial phase shift distribution can be reconstructed.

四、實驗與討論

SPR感測器的設計上，薄膜金屬金在波長為632.8nm時，厚度為47.5nm有最佳之靈敏度，不過在共振角時其P-wave反射光強幾乎為零，因此會對於干涉影像對比不好的情形，所以在厚度的設計上為42nm。

Although the gold thin film of 47.5nm thickness is the most sensitive SPR for light of wavelength 632.8nm. However, the reflective intensity of P-wave at SPR is almost zero which results in the interferometry of very low contrast. Thererfore, the thickness is chosen at 42nm instead.

首先測量此系統之於長時間下之相位穩定度，將入射角調至共振角的位置，待測物為氮氣，流速為100μl，溫度控制在30℃，取100 x 100像素並將其相位資訊平均，並量測120分鐘下之相位變化，由實驗結果顯示於2小時下之相位穩定度可達到10-3π。

Test of the system phase shift stability: Adjust the incident angle to the SPR angle and use nitrogen as the sample with flow rate at 100μl and the temperature at 30℃. The variation in the phase shift average of 100 x 100 pixels was 10-3π over two hours of test.

接著量測此系統之偵測靈敏度，同樣的將入射角調至共振角的位置，待測物為氮氣與氬氣，兩者折射率差約為1.5 x 10-5RIU，流速設為100μl，溫度控制在30℃，取100 x 100 像素取得其相位資訊後將其平均，並於每5分鐘切換氣體一次，由圖三中可看出在氮氬氣折射率差異在1.5 x 10-5 RIU的情況下相位差異約5 x 10-3π，再與所量測之穩定度結果相比，估計可以解析出1 x 10-6 RIU之折射率差異量。

Testing the sensitivity of the system: Adjust the incident angle to the SPR angle and the sample is switched between nitrogen and argon for every five minutes with flow rate kept at 100μl and temperature at 30℃. The reflective indices of nitrogen and argon differs for 1.5 x 10-5RIU. The phase shift obtained by averaging over 100 x 100 pixels is shown in Figure 3. The phase shift for the reflection index difference of 1.5 x 10-5 RIU is 5 x 10-3π. Combining with the phase shift variation stability of 10-3π, the system is capable to resolve the reflection index difference of ? 1 x 10-6 RIU.

接著再以單一覆蓋層觀察其在空間上由SPR所造成之相位差異並與理論推算之相位差異做一比較。將一半之金膜浸泡於溶於酒精中之1mM的硫醇化合物(HS(CH2)15COOH)之中，並且靜置12小時。金與硫會產生一強烈之共價鍵結而形成單一覆蓋層，其厚度約為2.7nm，折射率為1.463。於共振角附近取影像中間30 x 30像素，約實際尺寸0.2mm x 0.2mm，觀察金膜表面與硫醇化合物之相位差，如圖五可看出硫醇化合物與金膜之差異約為0.8π，其與理論之模擬值相當接近。

The system was also tested on a layer of single compound to compare the phase shift measurement by SPR with the theoretical value. The half side of the gold thin film is submerged in the alcohol with 1mM (HS(CH2)15COOH) for twelve hours to form a strong covalent compound layer of 2.7nm in thickness. Its reflective index is 1.463. Using incident angle close to the SPR angle, the interference patterns at five different phase shifter axis angles are shown in Figure 4 and spatial distribution of the phase shift recovered from the data is shown in Figure 5. The spatial distribution shows the phase shift at the 30 x 30 pixels in the center area of the CCD covering physically 0.2mm x 0.2mm of the sample. The phase shift difference between the gold thin film and the compound layer is shown to be 0.8π which is close to the theoretical value of ?.

五、結論

本文提出一具共光程移相干涉術之表面電漿共振相位量測系統，此系統不僅可以提供一高靈敏且高通量之平行檢測外，還可以提高於相位量測上之穩定度，使其於長時間之量測上避免因外界環境的擾動、機械振動與光源的不穩定因素之影響所造成之量測上誤差，經由實驗證明在2個小時內之相位穩定度可以達到10-3π，並且可以解析出1 x 10-6 RIU的折射率差異量。

A SPR phase shift measurement system with common optical path was developed and tested. It provides not only high sensitivity and parallel screening but also enhanced temporal stability for prolonged monitoring regardless of environmental disturbance, mechanical vibration, and light source variations. The test demonstrated phase shift stability of 10-3π variation in two hours and resolution of ? 1 x 10-6 RIU reflective index difference.
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圖一 系統架構：(1) He-Ne laser, (2,12,17) linear polarizer, (3) beam expander with spatial filter, (4) prism, (5) Cr(2~3nm), (6) Au(~45nm), (7) sample layer, (8) flow cell, (9) TE cooler, (10) iris, (11) beam splitter, (13,15) focus lens, (14) photodiode, (16) liquid crystal device, (18) CCD camera
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圖二 長時間下SPR顯微儀之相位穩定度
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圖三 氮氣氬氣折射率不同造成相位差異量
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圖四 硫醇化合物與金膜之五步階干涉圖案，其區域大小為30x30像素
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圖五 取圖四之干涉影像對其相位還原之結果
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