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1. Finite-element simulation details 
 

 

Supplementary Figure S1. Refractive index (n) and extinction coefficient (k) as a function of wavelength for Pt, 

Al2O3, and Al. 

Local field distribution simulations for the optical intensity inside an eZMW were 

performed using commercial electromagnetic solver COMSOL Multiphysics for input as 

circularly polarized light and 1 V!/m! electric field intensity. The platinum and aluminum 

thicknesses were set as 8 nm and 100 nm, and the Al2O3 thickness was varied in order to find the 

optimal structure. The bottom diameter of the eZMW was set to 100 nm. The refractive index 

values for Pt[1], Al2O3[2], and Al[1] are shown in Figure S1 and for the glass and water were taken 

to be 1.50 and 1.33, respectively. 
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2. Optical performance of electro-optical waveguides (eZMWs) 
 

 

Supplementary Figure S2. (a) Field-enhancement at point A (z = 10 nm, r = 0) (approximate position of a DNA 

polymerase) for different thicknesses of the Al2O3 layer (E02 = 1 V2/m2). (b) Field enhancement along the Z-axis for 

different Al2O3 thicknesses (t) at 532 nm and 640 nm. (c) Field enhancement at point A along the Z-axis of the eZMW 

with 40 nm Al2O3 layer for different bottom radii at 640 nm and (d) 532 nm. 

. 
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3. Fabrication of electro-optical waveguides (eZMWs) 
 

 

Supplementary Figure S3. 1. Coating of negative e-beam resist (AR-N 7520.11). 2. Electron-beam lithography 

(EBL) writing and MF321 development. 3. Thermal evaporation of 1-nm-thick titanium. 4. Thermal evaporation of 

8-nm-thick platinum. 5. Thermal evaporation of 40-nm-thick Al2O3. 6. Thermal evaporation of 100-nm-thick 

aluminum. 7.  Resist lift-off using 1165 stripper. 

Fabrication of the eZMW arrays was carried out using fused silica wafers with 100 mm 

diameter, 170 𝜇m thickness, scratch to dig ratio of 20/10 and surface roughness <1 nm (Plan Optik, 

Elk Grove, CA). The wafers were MOS cleaned in a SC-1 bath (ammonium hydroxide, hydrogen 

peroxide, and water in 1:1:6 v/v ratio) heated to 71℃ for 20 min. The wafers were immersed in a 

base bath for 10 min followed by thoroughly rinsing with DI water (16 MΩ). In another step of 

cleaning, the wafers were cleaned using a SC-1 bath (hydrogen chloride, hydrogen peroxide, and 

water in 1:1:6 v/v ratio) heated to 71℃ for 20 min. Subsequently, they were rinsed in an acid bath 

and DI water (16 MΩ). The substrates were then dried in a spin rinse dry (SRD). The wafers were 

treated with oxygen plasma for 10 min at 1,000 W in active plasma mode of Glen 1000 Resist 

Strip. Following plasma cleaning, the wafers were hexamethyldisilazane vapor primed for 30 min 

in a YES LP-III vacuum oven. The substrates were then spin-coated with e-beam resist AR-N 
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7520.11 (Allresist, Strausberg, Germany) at 2,000 rpm for 45 seconds (Figure S3, step 1). The 

resist was then cured at 90 ℃ for 2 min on a hot plate and spin coated with a thin layer of conductive 

polymer E-spacer (Showa Denko, Singapore) to provide a charge dissipation path during electron 

beam exposure. Arrays of circle ZMWs with 100±20 nm diameters and two alignment markers 

were designed and exposed with 2 nA current and 600 "#
#$! minimum dose using JEOL 6300FS e-

beam writer. After exposure, the conductive polymer was rinsed off using DI water and the resist 

was developed with MF231 for 90 s (Figure S3, step 2). Wafers were dried with a nitrogen stream 

and prepared for coating by descumming in a 100 W downstream oxygen plasma for 1 min. 

Immediately, the wafer was placed in a SC-4500 e-beam evaporator to deposit Ti, Pt, Al2O3, and 

Al with 0.1, 0.3, 1, and 5 Å/s rate, respectively. 1 nm Ti and 8 nm Pt were deposited, monitored 

using an XTC-3 quartz crystal monitor (Figure S3, steps 3 and 4). To find the optimal structure, 

Al2O3 and Al were deposited in the range of 20-40 nm and 80-100 nm, respectively (Figure S3, 

steps 5 and 6). After deposition, the wafers were immersed in 1165 stripper for 3 hours to break 

off and dissolve the pillars, leaving behind the eZMW structures (Figure S3, step 7). 
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4. Size characterization of eZMW arrays 
 

 

Supplementary Figure S4. Plot of distribution of diameters in a single chip. 

Electron beam lithography fabrication process yields arrays of eZMWs uniform in 

diameter, ideal for high-throughput fluorescence-based biomolecular analysis. The diameter of 

eZWMs has been measured using SEM, TEM, and further analyzed by ImageJ software. Other 

than the bottom diameter of eZMWs which is ~ 100 nm, aluminum diameter and upper diameter 

of eZMWs are measured to be ~ 150 nm and 200 nm, respectively.  
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5. Electrical performance of eZMWs 
 

 

Supplementary Figure S5. I−V characteristics of the eZMW chip versus platinum electrode for 500 mV applied 

voltage bias at scan rate of 10 mV/s in 10 mM KCl and 1X nitrobenzoic acid (NBA), sequencing buffer (Product # 

100-612-400, Pacific Biosciences), 10 mM KCl and 1X protocatechuic acid (PCA), and 10 mM KCl, pH 8 (larger 

current is observed compared to the Figure 4 in the main text due to the higher density of ZMW arrays used). The 1X 

concentration refers to the Pacific Biosciences sequencing kit concentration. 

To investigate which component of the sequencing buffer contributes mainly to the 

Faradaic current generation in the eZMW structure, we studied the cyclic voltammograms (CVs) 

of the eZMW arrays in two main components of sequencing buffer: protocatechuic acid (PCA) 

(used as an antioxidant reagent) and nitrobenzoic acid (NBA) (used as a triplet state quencher) in 

10 mM KCl aqueous solution of pH 8. In contrast to PCA, nitrobenzoic acid (NBA) buffer creates 

currents as large as the sequencing buffer due to its known activity as a redox reagent that is 
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reduced to 3,3-dicarboxyazobenzene in basic medium[3], thus playing a main role in the creation 

of Faradaic current in the sequencing buffer. 

 

Supplementary Figure S6. Frame-integrated images of an eZMW array before and after electrical measurements 

with 10 mM KCl, 1X TE, pH 8 and sequencing buffers. (a) transilluminated white light image of the array before 

voltage application, (b) transilluminated white light image of the array after long run of electrical measurements, (c) 

fluorescence image of the array after long run of electrical measurements under red (640 nm) and green (532 nm) 

beams. Fluorescence observed in (c) is due to the presence of analog mix of fluorophore labeled nucleotides in the 

sequencing buffer. Darker area seen around the array is due to the TIRF illumination profile. 

 

 

 



9 
 

 

Supplementary Figure S7. I−V and I-t plots of the eZMW chip versus platinum electrode in 5 mM K3Fe(CN)6 and 

5 mM K4Fe(CN)6 solution with 10 mM aqueous KCl supporting electrolyte at pH 8 (scan rate: 10 mV/s).  

 

 

 

Supplementary Figure S8. Peak current versus square root of the scan rate (10 mV/s, 25 mV/s, 50 mV/s and 100 

mV/s) for different voltage biases across the on-chip Pt layer and the Pt wire electrode in sequencing buffer. We used 

a linear function to fit the data points. 
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Linear relationship (R2 > 0.99) observed between the peak currents and the square root of 

the scan rates in the sequencing buffer indicates that the analyte is freely diffusing in solution and 

Faradaic current contribution is greater than the capacitive current, according to the Randles–

Sevcik equation[4]. 
 

6. DNA Loading efficiency in eZMWs 

 

Supplementary Table S1. Table of the normalized concentration (C) and binding constant (k) terms for the binding 

kinetics equation 𝐹(𝑡) = 𝐶 ∗ (1 − 𝑒"#$) used to fit the percentage of loading efficiency versus time data of Figure 5 

in the main text.  
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7. Rolling circle amplification for validation of DNA polymerase activity and SMRTbell 
structure 

 

Supplementary Figure S9. (a) Schematic representation of a double-stranded template (SMRTbell) which is 

composed of a forward strand (orange) and a reverse strand read (purple) which are connected via a hairpin adapter 

(blue) at each end. The polymerase produces a long read composed of forward strand, hairpin, reverse strand, hairpin, 

and so on. (b) Rolling circle amplification (RCA) assay of 260 bp SMRTbell. Lane 1 is 50 bp DNA ladder, lane 2 is 

260 bp SMRTbell plus magnesium acetate, lane 3 is 260 bp SMRTbell plus water. Lanes 4,5,6 are RCA products of 

a pre-primer bound 260 bp SMRTbell in the presence of DNA polymerase and magnesium acetate with 20 min, 40 

min, and 60 min reaction time at room temperature. Polymerase activity was stopped with EDTA buffer. RCA 

products are seen in lanes 4,5,6 on top with increasing length. Lane 7 is the negative control with no magnesium 

acetate in the reaction mixture; pre-primer bound 260 bp SMRTbell plus DNA polymerase.  
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8. Total internal reflection fluorescence excitation/emission configuration 
 

 

Supplementary Figure S10. (a) Simplified optical schematic of total internal reflection fluorescence microscopy 

setup. (b) Dispersion images of different dNTP dyes from an eZMW (1µM fluorescent dNTPs). 

The excitation module was composed of red laser (640 nm, max power 100 mW), green 

laser (532 nm, max power 100 mW), and blue laser (488 nm, max power 3 mW). Each laser beam 

was expanded using a 10X Olympus objective lens (RMS10X, Thorlabs, USA), cleaned up using 

a 15 μm pinhole (P15D, Thorlabs, USA), and was passed through a collimation lens (AC254-125-

A-ML, Thorlabs, USA). Beams then were combined to a single beam using a broad band dielectric 

mirror (BB1-E02-10 - Ø1, Thorlabs, USA), 567 nm cut-on (DMLP567, Thorlabs, USA), and 505 
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nm (DMLP505, Thorlabs, USA) cut-on long pass dichroic mirrors. The combined beam was then 

passed through a tube lens, an excitation filter (FF01-390/482/532/640-25, Semrock, USA), and 

was reflected onto the objective lens (Apo 60X NA 1.49, Olympus, USA) by a quad-edge laser 

dichroic mirror (Di03-R405/488/532/635-25x36, Semrock, USA). In order to achieve TIRF 

illumination, first the laser beam was focused to a point at the back focal plane of the objective to 

get a collimated light emerged from the objective which assures that all the rays are incident at the 

same angle with respect to the optical axis. Then, the point of focus in the back focal plane was 

adjusted to be off-axis by fine tuning the lateral position of the focusing lens until the beam 

traverses almost horizontally through the fluorescent medium and it disappears[5]. The emitted 

light from the sample was gathered by the same objective and transmitted through the dichroic 

mirror onto a standard Olympus tube lens to create an image at the exit of the microscope frame. 

This image was passed through an emission filter (FF01-446/510/581/703-25, Semrock, USA) to 

block all residual laser lines and then directed into a pinhole array for background rejection and a 

prism which disperses emission spectra of four different dyes of labeled nucleotides to different 

angles on an electron-multiplying CCD (emCCD). 
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9. Base-calling and Alignment 

 

Supplementary Figure S11. Top: Integrated stack from the first 120 seconds of recording an eZMW array during 

SMRT-sequencing a mixture of loaded 260 bp and 20 kbp SMRTbells (SMRTbell concentrations were 67 pM, loaded 

at 400 mV for 60 s). Green and red boxes represent eZMWs that aligned to 260 bp and 20 kbp sequences, respectively. 
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Bottom: The alignment result for each ZMW read with the reference sequence is shown (see Table S3 in the repository 

for the frames analyzed to obtain the data shown in Figure S8). 

The results shown in Figure 6 of the main text and Figure S8 are obtained as follows:  

first an active ZMW is selected, then the median intensity of off times (no burst of light) is 

considered as background intensity. A frame 𝑓 is considered to be off if 𝐼% ≤ (𝜇)𝐼* − 0.5 × 𝜎)𝐼*1, 

where 𝜇)𝐼* and 𝜎)𝐼* represent the average and standard deviation of the intensity values, 

respectively. Then the background intensity is subtracted from the intensity of each pixel. After 

background subtraction, the z-score of the intensity values (𝐼 = &'"(&)
*(&)

) of each frame is used for 

downstream analysis. Then the start and end times for fluorescence pulses produced at the top (T 

and G) and bottom (A and C) portion of the ZMW are identified using a threshold-based algorithm. 

A peak detection algorithm is run to detect events in which multiple pulses are seen as a single 

pulse (due to fast incorporation/slow framerate) by looking for sudden changes in fluorescence 

intensity within pulses. The basecalling is then performed by using the control sets corresponding 

to dCTP dATP, dGTP, and dTTP nucleotides extracted from the sequencing data. First, the 

intensity value of each nucleotide from the control set is normalized to their z-score, i.e., 𝐼+,-. =
&%&'('"(&%&'()

*(&%&'()
. Then each event is compared with the normalized control sets and a similarity score 

is assigned based on their dot product and the highest score is called as the corresponding base. 

Finally, each temporal pulse was compared with the burst spatial location to assure that the bases 

are identified correctly. This is carried out because of rare events in which a transition between 

bases occurs too fast, such that the signals from bases appear concurrently. Finally, the alignment 

results were obtained using the BLAST software. The e-values (expected values) for the reads 

aligned to either the 260 bp or the 20 kbp reference are shown in Table S2. Large e-values indicate 

alignment with the wrong template, because we expect a high number of hits to occur when the 

query sequence is searched in the database against random sequences; hence, hits with high e-

values are insignificant[6].   



16 
 

 

Supplementary Table S2. The e-values (expected value) for the reads obtained from each eZMW well shown in 

Figure S8.  
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