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22 SUMMARY:
23 This paper aims to present a method to form smooth and well-controlled films of silver chloride
24 (AgCl) with designated coverage on top of thin film silver electrodes.
25
26  ABSTRACT:
27  This paper aims to present a protocol to form smooth and well-controlled films of silver/silver
28  chloride (Ag/AgCl) with designated coverage on top of thin film silver electrodes. Thin film silver
29  electrodes sized 80 um x 80 um and 160 um x 160 um were sputtered on quartz wafers with a
30 chromium/gold (Cr/Au) layer for adhesion. After passivation, polishing and cathodic cleaning
31  processes, the electrodes underwent galvanostatic oxidation with consideration of Faraday’s Law
32  of Electrolysis to form smooth layers of AgCl with a designated degree of coverage on top of the
33  silver electrode. This protocol is validated by inspection of scanning electron microscope (SEM)
34 images of the surface of the fabricated Ag/AgCl thin film electrodes, which highlights the
35 functionality and performance of the protocol. Sub-optimally fabricated electrodes are
36 fabricated as well for comparison. This protocol can be widely used to fabricate Ag/AgCl
37 electrodes with specificimpedance requirements (e.g., probing electrodes for impedance sensing
38 applications like impedance flow cytometry and interdigitated electrode arrays).
39
40 INTRODUCTION:
41  The Ag/AgCl electrode is one of the most used electrodes in the field of electrochemistry. It is
42  most commonly used as the reference electrode in electrochemical systems due to its ease of
43  fabrication, non-toxic property and stable electrode potential®®.
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Researchers have attempted to understand the mechanism of Ag/AgCl electrodes. The layer of
chloride salt on the electrode has been found to be a fundamental material in the characteristic
redox reaction of the Ag/AgCl electrode in a chloride containing electrolyte. For the oxidation
path, the silver at the imperfection sites on the surface of the electrode combines with the
chloride ions in the solution to form soluble AgCl complexes, in which they diffuse to the edges
of the AgCl deposited on the surface of the electrode for precipitation in the form of AgCl. The
reduction path involves the formation of soluble AgCl complexes using the AgCl on the electrode.
The complexes diffuse to the silver surface and reduces back to elemental silver’8,

The morphology of the AgCl layer is a pivotal influence in the physical property of Ag/AgCl
electrodes. Various works showed that the large surface area is key to form reference Ag/AgCl
electrodes with highly reproducible and stable electrode potentials®!2. Therefore, researchers
have investigated methods to create Ag/AgCl electrodes with a large surface area. Brewer et al.
discovered that using constant voltage instead of constant current to fabricate Ag/AgCl
electrodes would result in a highly porous AgCl structure, increasing the surface area of the AgCl
layer!l. Safari et al. took advantage of the mass transport limitation effect during AgCl formation
on the surface of silver electrodes to form AgCl nanosheets on top of them, increasing the surface
area of the AgCl layer significantly!2.

There is a rising trend to design AgCl electrode for sensing applications. A low contact impedance
is crucial for sensing electrodes. Thus, it is important to understand how the surface coating of
AgCl would affect its impedance property. Our previous research showed that the degree of AgCl
coverage on the silver electrode has a pivotal influence on the impedance characteristic of the
electrode/electrolyte interface®3. However, to correctly estimate the contact impedance of thin
film Ag/AgCl electrodes, the AgCl layer formed must be smooth and have well-controlled
coverage. Therefore, a method to form smooth AgCl layers with designated degrees of AgCl
coverage is needed. Works have been done to address this need partially. Brewer et al. and
Pargar et al. discussed that a smooth AgCl can be achieved using a gentle constant current,
fabricating the AgCl layer on top of the silver electrode!?!4, Katan et al. formed a single layer of
AgCl on their silver samples and observed the size of individual AgCl particles®. Their research
found that the thickness of a single layer of AgCl is around 350 nm. The aim of this work is to
develop a protocol to form fine and well-controlled films of AgCl with predicted impedance
properties on top of silver electrodes.

PROTOCOL:
1. Fabrication of a Cr/Au adhesion layer using liftoff

1.1. Spincoat HPR504 positive photoresist of 1.2 um thickness onto a quartz wafer using a spread
speed of 1,000 rpm for 5 s and a spin speed of 4,000 rpm for 30 s.

1.2. Softbake the photoresist on the quartz wafer at 110 °C for 5 min on a hot plate.

1.3. Using a mask aligner, expose the wafer such that locations for Cr/Au deposition are exposed
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with ultraviolet (UV) light. The exposure power density and time is 16 mW/cm? and 7.5 s
respectively (exposure energy density = 120 mJ/cm?).

1.4. Develop the wafer by submersing it in positive resist developer FHD-5 for 1 min. Rinse the
wafer with deionized (DI) water after the development process.

1.5. Dry the wafer using a nitrogen (N2) gun. Put the wafer in an oven for 5 min at 120 °C.

1.6. Using electron beam (e-beam) evaporation, deposit a 5 nm Cr layer, followed by a 50 nm Au
layer on the wafer. The deposition rates are 1 A/s and 2 A/s, respectively.

1.7. Place the e-beam evaporated wafer into a container. Pour copious amount of acetone inside.

1.8. Close the container using a lid. Place the lidded container in an ultrasonic cleaner for 10 min
or until the liftoff process has completed.

1.9. Flush the wafer using isopropanol (IPA) followed by DI water. Dry it using N2 gun and oven
afterwards.

NOTE: The protocol can be paused here.
2. Fabrication of thin film Ag electrodes on the adhesion layer using liftoff

2.1. Spincoat AZ P4620 positive photoresist of 7 um thickness onto the wafer using a spread
speed of 1,000 rpm for 5 s and a spin speed of 4,000 rpm for 30 s.

2.2. Softbake the photoresist on the wafer at 90 °C for 450 s on a hot plate.
2.3. Using a mask aligner, expose the wafer such that locations for Ag deposition are exposed
with UV. The exposure power density and time is 16 mW/cm? and 45 s respectively (exposure

energy density = 720 mJ/cm?).

2.4. Develop the wafer by submersing it in FHD-5 for 2 min. Rinse the wafer with DI water after
the development process.

2.5. Dry the wafer using a N2 gun. Put the wafer in an oven for 5 min at 120 °C.
2.6. Sputter a 1 um Ag layer on the wafer. The sputtering rate is ¥~86 nm/min.
2.7. Place the sputtered wafer into a container. Pour copious amount of acetone inside.

2.8. Close the container using a lid. Place the lidded container in an ultrasonic cleaner for 10 min
or until the liftoff process has completed.
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2.9. Flush the wafer using IPA followed by DI water. Dry it using N2 gun and oven afterwards.
3. Passivation of the wafer to expose only the electrodes and contact pads

3.1. Passivate the whole wafer surface with a 2 um silicon dioxide (SiO;) layer using plasma
enhanced chemical vapor deposition (PECVD).

3.1.1. Passivate a small silicon dummy sample (a silicon wafer fragment) together the wafer
simultaneously.

3.1.2. Measure the thickness of the oxide layer of the dummy sample.
NOTE: The protocol can be paused here.

3.2. Spincoat AZ 5214E dual tone photoresist of 1.4 um thickness onto the wafer using a spread
speed of 1000 rpm for 5 s and a spin speed of 3000 rpm for 30 s.

3.3. Softbake the photoresist on the wafer at 90 °C for 150 s on a hot plate.
3.4. Using a mask aligner, expose the wafer such that the locations for pad opening are exposed
with UV. The exposure power density and time is 16 mW/cm? and 2.25 s respectively (exposure

energy density = 36 mJ/cm?).

3.5. Develop the wafer by submersing it in FHD-5 for 75 s. Rinse the wafer with DI water after the
development process.

3.6. After briefly drying the wafer using N gun, further dry and hard bake the wafer in an oven
for 15 min at 120 °C.

3.7. Perform descum of photoresist on the wafer for 1 min using a plasma asher to ensure
complete removal of unwanted photoresist.

3.8. Perform reactive ion etching on the wafer and the dummy sample to expose the thin film
electrodes and contact pads.

3.8.1. After performing the etching process for a short period of time (e.g., 5-10 min), stop the
operation and take out the dummy sample.

3.8.2. Measure the thickness of the oxide layer on top of the dummy sample. Compare it with
the result obtained in step 3.1.2.

3.8.3. Calculate the rate of SiO; etching of the machine to fine tune the etching duration in order
to achieve a 10% overetch.
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3.8.4. Continue the etching process without the dummy sample.

3.9. Resist strip the etched wafer by plasma ashing for 30 min, followed by a positive photoresist
stripper MS2001 bath at 70 °C for 5 min.

3.10. Flush the wafer using DI water. Dry the wafer using N2 gun and oven.
NOTE: The protocol can be paused here.

4. Preparation for the fabrication of thin film Ag/AgCl electrodes (chip)
4.1. Dice cut the wafer to obtain different testing chips.

4.2. Polish the electrode surfaces on the chips using fine sandpaper.

4.3. Bond the contact pads on the chip to an external printed circuit board for interfacing
purposes in further steps.

4.4. 3D-print an acrylic hollow rectangular container to hold the electrolyte on the thin film
electrodes. The dimensions of the rectangular container should allow placement of a wire and a

pipette inside the void comfortably.

4.5. Mix a small amount of polydimethylsiloxane (PDMS) prepolymer and its curing agent
thoroughly. The ratio should be 10:1.

NOTE: It is very common to degas the PDMS mixture to obtain high quality PDMS devices;
however, it is not needed in this case as the mixture is only used as an adhesive.

4.6. Place the acrylic container on the diced chip in a fashion such that all the silver electrodes
are inside the cavity of the container.

4.6.1. Using a toothpick or a fine rod, smear the uncured PDMS mixture on the outer edge where
the container and the chip touch each other.

4.6.2. Carefully place the chip on a flat hot plate and cure the PDMS for 2 h at 80 °C or until the
container is securely affixed onto the chip.

5. Preparation for the fabrication of thin film Ag/AgCl electrodes (reagents)
5.1. Using DI water and concentrated hydrochloric acid (HCl), obtain 0.01 M HCI solution.

5.2. Using DI water and potassium chloride (KCl) powder, obtain 3.5 M KCl solution and 0.1 M KClI
solution.
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NOTE: The protocol can be paused here.

6. Preparation for the fabrication of thin film Ag/AgCl electrodes (macro electrodes)
6.1. Cut some silver wires.

6.2. Polish the surface of the silver wires with fine sandpaper.

6.3. Submerse 80% of the silver wires into household bleach for 1 h.

NOTE: The color of the wire will change from silvery to dark purple. This shows the formation of
AgCl on the surface of the silver wire.

6.4. Flush the Ag/AgCl wire with DI water.

6.5. Make an Ag/AgCl reference electrode using one of the Ag/AgCl wires referencing to Hassel
et al. with modifications®.

NOTE: The modifications are using a pipette instead of a glass capillary, using 3.5 M KCl as the
electrolyte, ditching the polymer block and the gold-plated connector and replace it with

parafilm.

6.6. Store the Ag/AgCl electrodes by submersing them in 3.5 M KCl solution. Make sure the silver
part does not come in contact with the solution.

6.6.1. Cut several pieces of Ag/AgCl wires and put them into the KCl solutions mentioned in step
5.2.

NOTE: The protocol can be paused here.
7. Cathodic cleaning of the micro Ag electrodes

NOTE: All of the following processes use the CHI660D electrochemical analyzer/workstation and
its accompanying software.

7.1. Flush the chip using IPA followed by DI water.
7.2. Pour 0.01 M HClI solution into the acrylic container.

7.3. Wipe dry the macro Ag/AgCl reference electrode’s pipette exterior (fabricated in step 6.5)
and a macro Ag/AgCl electrode (fabricated in step 6.3) using laboratory clean wipes.

7.4. Connect the chip and the macro electrodes to the analyzer such that a thin film Ag electrode
on the chip is defined as the working electrode, the macro Ag/AgCl reference electrode is defined



265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

as the reference electrode, and the bare macro Ag/AgCl electrode is defined as the counter
electrode.

7.5. Place the macro electrodes into the container. Use blu-tack as the lid of the container to
anchor the macro electrodes.

7.6. Place the setup into a Faraday cage.

7.7. In the CHI660D software, click on the Setup tab at the top left corner of the window. Then
click Technique | Amperometric i-t Curve | OK to perform cathodic cleaning of the electrodes.

7.8. In the pop-up menu, modify the parameters for cathodic cleaning.

7.8.1. Set the Init E (V) as -1.5.

7.8.2. Set the Sample Interval (sec) as 0.1 (Default).

7.8.3. Set the Run Time (sec) as 900.

7.8.4. Set the Quiet Time (sec) to be 0 (Default).

7.8.5. Set the Scales during Run as 1 (Default).

7.8.6. Set the Sensitivity (A/V) appropriately. For an 80 pm x 80 um electrode, set it as 1e-006.
7.9. Press OK. Start the process by pressing the Start icon under the menu bar.

7.10. Let the experiment run and finish.

7.11. Open the Faraday cage.

7.12. Remove the macro reference and counter electrode. Wipe dry their surfaces.

7.13. Pour the used electrolyte in a waste container. Flush the acrylic container using DI water.
8. Fabrication of single layer AgCl on top of the thin film Ag electrodes

8.1. Pour 0.1 M KCl solution into the acrylic container.

8.2. Connect the chip and the macro electrodes to the analyzer such that the cleaned thin film
Ag electrode on the chip is defined as the working electrode, the macro Ag/AgCl reference

electrode is defined as the reference electrode, and the bare macro Ag/AgCl electrode is defined
as the counter electrode.
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8.3. Place the macro electrodes into the container. Use blu-tack as the lid of the container to
anchor the macro electrodes.

8.4. Place the setup into a Faraday cage.

8.5. In the CHI660D software, click on the Setup tab at the top left corner of the window, then
click Technique | Chronopotentiometry | OK to perform galvanostatic fabrication of single layer
AgCl on silver electrodes.

8.6. In the pop-up menu, modify the parameters for such process.

8.6.1. Set the Cathodic Current (A) as 0 (Default).

8.6.2. Set the Anodic Current (A) such that the current density applied to the thin film electrode
is 0.5 mA/cm?.

8.6.3. Keep the High and Low E limit and Hold Time as default.
8.6.4. Set the Cathodic Time (sec) as 10 (Default).
8.6.5. Set the Anodic Time (sec) correspondingly to achieve the degree of AgCl coverage needed.

NOTE: With reference to Faradays Law of Electrolysis, the time needed for 100% coverage is 262
s. The time needed varies linearly with the coverage percentage.

8.6.6. Set the Initial Polarity as Anodic.

8.6.7. Set the Data Storage Intvl (sec) as 0.1 (Default).

8.6.8. Set the Number of Segments as 1 (Default).

8.6.9. Set the Current Switching Priority as Time.

8.6.10. Uncheck the Auxiliary Signal Recording When Sample Interval >= 0.0005s (Default).
8.7. Press OK. Start the process by pressing the Start icon under the menu bar.

8.8. Let the experiment run and finish.

8.9. Open the Faraday cage.

8.10. Remove the macro reference and counter electrode. Wipe dry their surfaces.

8.11. Submerse the macro electrodes in 3.5 M KClI solution for storage.
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8.12. Pour the used electrolyte in a waste container. Flush the container using DI water.
8.13. Cover the opening of the acrylic container using parafilm for further processing.

REPRESENTATIVE RESULTS:

Figure 1 shows an 80 um x 80 um Ag/AgCl electrode with a designed AgCl coverage of 50%
fabricated following this protocol. By observation, the area of the AgCl patch is around 68 um x
52 um, which corresponds to around 55% of AgCl coverage. This shows that the protocol can
finely control the amount of AgCl coverage on the thin film Ag electrodes. The AgCl layer
fabricated is also very smooth, as evident by the clumping of adjacent AgCl particles.
Furthermore, the layer of AgCl is only a single layer, which is proved by the absence of stacked
AgCl particles and a distinctive Ag/AgCl intersection. Figure 2 shows more successful examples of
thin film Ag/AgCl electrodes fabricated using this protocol, which are 80 um x 80 um electrodes
with a designated AgCl coverage of 70% and 30%, together with 160 um x 160 um electrodes
with a designated AgCl coverage of 75% and 90%, confirming the robustness of this protocol.

[Place Figure 1 here]
[Place Figure 2 here]

Figure 3 illustrates a negative result where the polishing step is omitted (i.e., step 4.2). Figure 3a
shows a polished electrode surface whereas figure 3b shows an unpolished electrode surface.
For the unpolished electrode, finger-like structures can be observed on the surface, which is
illustrated in Figure 4, where the polished electrode surface is smooth with minor scratch marks
caused by the polishing process. Figure 5 shows an unpolished 80 um x 80 um Ag/AgCl electrode
with a designed AgCl coverage of 50%. By observation, the area of the sparsely covered AgCl is
only around 40 pm x 40 um, which is 25% of the apparent electrode surface area. Furthermore,
compared to Figure 1 where the protocol is properly observed, for the unpolished electrode, the
AgCl formed appears to be recessed inwards instead of protruding outwards.

[Place Figure 3 here]

[Place Figure 4 here]

[Place Figure 5 here]

FIGURE AND TABLE LEGENDS:

Figure 1: Exemplar SEM image of the thin film Ag/AgCl electrode with a dimension of 80 um x
80 um and designated AgCl coverage of 50%. The observed AgCl coverage is 55%, demonstrating

the effectiveness of the protocol. This figure has been modified from Tjon et al.’3.

Figure 2: Exemplar SEM images of thin film Ag/AgCl electrodes with various electrode areas
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and AgCl coverages. (A) 80 um x 80 um with 70% AgCl coverage. (B) 80 um x 80 um with 30%
AgCl coverage. (C) 160 um x 160 um with 75% AgCl coverage. (D) 160 um x 160 um with 90% AgCl
coverage. These figures have been modified from Tjon et al.3.

Figure 3: SEM images for bare silver electrodes. (A) Polished 160 um x 160 um electrode (B)
Unpolished 40 um x 40 um electrode.

Figure 4: Zoomed SEM image for unpolished silver electrodes. Finger-like structures can be
observed.

Figure 5: Suboptimal fabrication of thin film Ag/AgCl electrodes. Without polishing, the degree
of coverage of the formed AgCl on the surface of the electrode is smaller than the predicted
value. The designed AgCl coverage for this 80 um x 80 um thin film silver electrode is 50% but the
actual coverage is only 25%.

DISCUSSION:

The physical properties of an Ag/AgCl electrode is controlled by the morphology and the
structure of the AgCl deposited on the electrode. In this paper, we presented a protocol to
precisely control the coverage of a single layer of AgCl on the surface of the silver electrode. An
integral part of the protocol is a modified form of the Faraday’s Law of Electrolysis, which is used
to control the degree of AgCl on the thin film silver electrodes. It can be written as:

X+ PY% =
o F-D

Where X is the thickness of a single AgCl layer in cm (350 nm =3.5x 10> cm); P% is the percentage
of AgCl coverage on the surface of the Ag electrode (100% = full coverage); j is the applied current
density in A/cm? (0.5 mA/cm?), M is the molar weight of AgCl (143.5 g/mol), t is the duration of
anodization in s (262 s for 100% coverage); F is the Faraday’s constant (~96485 C/mol); D is the
density of AgCl (5.56 g/cm3). To ensure the success of the protocol, several critical steps in the
protocol must be observed. Step 4.2, which is about the polishing of the surface of the thin film
silver electrode, is crucial to define the surface area of the electrode prior to the galvanostatic
formation of AgCl on the electrode surface. From Figure 3 and Figure 4, the difference in the
surface structure and roughness of the thin film silver electrodes fabricated by sputtering can be
seen clearly; the unpolished silver surface has finger-like structures, whereas the polished silver
surface is mostly smooth with minor scratch marks caused by sandpaper rubbing. This creates a
major problem as the finger-like structures effectively increases the surface area of the electrode.
This makes the determination of the surface area of the electrode and subsequently the degree
of AgCl coverage on the electrode impossible. The effect of this is well-illustrated in Figure 1 and
Figure 5. The protocol compliant Ag/AgCl electrode has a smooth, single layer of AgCl with a well-
controlled AgCl coverage, whereas the electrode without observing the polishing step has an
overestimated coverage of AgCl on the electrode. Step 8.6.2, which is about the use of a constant
current density of 0.5 mA/cm? to form the AgCl layer on the thin film Ag electrode, is crucial to
create a smooth AgCl layer with single layer thickness. Newly formed AgCl deposits at the edges
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of existing AgCl on the surface due to its low energy’2. This allows the AgCl particles to form a
single layer first before growing thicker. However, if a high current density is applied during the
galvanostatic formation of the AgCl layer, the newly formed AgCl could have enough energy to
form directly on the electrode other than along the existing AgCl edges, creating a rougher AgCl
surface'®. This makes the degree of AgCl coverage on the electrode unable to be controlled as
the AgCl formation sites cannot be predicted under such condition. Also, this makes the
determination of the AgCl surface area impossible as its roughness affects the surface area, which
was shown to affect the electrode’s impedance characteristics in our previous work?3,

There are several ways to troubleshoot whether a single layer of AgCl is formed properly. Firstly,
to check whether the polishing step is carried out successfully. The sample should be observed
under an SEM microscope without gold coating after the polishing step to see whether the finger
structure is replaced by a smooth surface. Furthermore, when the surface of the electrode is fully
covered with AgCl, further galvanostatic oxidation will cause a sudden increase in the applied
potential to the system as the thickening of the AgCl increases the ohmic resistance of the AgCl
layer. This can be used to determine whether the surface of the electrode is fully covered with
AgCl already.

There is a major limitation concerning the use of this method to fabricate thin film Ag/AgCl
electrodes with good control of the AgCl coverage. Electrodes fabricated using this method are
not reworkable. During the process of galvanostatic oxidation of the silver electrode to form the
AgCl deposit layer, the sites of imperfection on the surface of the electrode will grow in size in an
unpredictable way. If the electrode is reduced to revert AgCl back to Ag, it is unable to guarantee
that these sites at the electrode surface will be filled back the way it was. Instead, the surface
will become rougher. If the surface is re-polished using sandpaper after an attempted rework,
some silver will be removed from the surface during polishing. Hence, one can only do this for a
few times before the underlying gold layer becomes exposed.

This method, when compared to typical Ag/AgCl electrode fabrication methods, focuses on a fine
control of the coverage of AgCl on the surface of the thin film Ag electrode, whereas other
methods focus on creating a porous layer of AgCl. From the best of the author’s knowledge, this
is the first time a protocol is developed to fabricate a single layer of finely controlled AgCl on top
of a silver electrode. This is due to different design aims. Most previous works aimed to achieve
a reference Ag/AgCl electrode with high electrode potential stability, while our protocol aims to
design sensing Ag/AgCl electrode with low contact impedance for impedance sensing systems,
such as impedance flow cytometers and interdigitated electrode arrays.

Future experiments can include a more sophisticated polishing step, for example using a polishing
system to achieve an even smoother surface. Further investigations can also be carried out to
evaluate the quantitative relationship between the thickness of the AgCl layer and the faraday’s
equation of electrolysis.
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Table of Materials

Name of Material/ Equipment
AST Peva-600El E-Beam Evaporation
System

AZ 5214 E Photoresist
AZ P4620 Photoresist
Branson/IPC 3000 Plasma Asher

Branson 5510R-MT Ultrasonic
Cleaner

CHI660D

Denton Explorer 14 RF/DC Sputter
FHD-5

HPR 504 Photoresist

Hydrochloric acid fuming 37%

J.A. Woollam M-2000VI Spectroscopic

Elipsometer

Multiplex CVD
Oxford RIE Etcher
Potassium Chloride

SOLITEC 5110-C/PD Manual Single-
Head Coater

SUSS MA6

Sylgard 184 Silicone Elastomer Kit

Company

Advanced System Technology
MicroChemicals

AZ Electronic Materials
Branson/IPC

Branson Ultrasonics

CH Instruments, Inc

Denton Vacuum
Fujifilm

NV

VMR

J.A. Woollam

Surface Technology Systems
Oxford Instruments
Sigma-Aldrich

Solitec Wafer Processing, Inc.
SUSS MicroTec

Dow Corning

wdldivg
Aleccanle

800768

20252.420

7447-40-7

Click here to access/download;Table of Materials;JoVE_Materials.xlsx %
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Comments/Description

For Cr/Au Deposition
Photoresist for pad opening
Photoresist for Ag liftoff
Ashing

Liftoff

Electrochemical Analyser

For Ag Sputtering

Photoresist Development

Photoresist for Cr/Au liftoff

Making diluted HCI for cathodic cleaning

Measurement of silicon dioxide passivation layer thickness on dummy

Silicon dioxide passivation
For Pad opening
Making KCl solutions

For spincoating of photoresist
Mask Aligner

Adhesive for container on chip



Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
Letter.docx

Editorial comments:
The manuscript has been modified and the updated manuscript, 60820_R0.docx, is
attached and located in your Editorial Manager account. Please use the updated

version to make your revisions.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that

there are no spelling or grammar issues.

Answer: The manuscript is proofread with the best effort from the authors.

2. Please obtain explicit copyright permission to reuse any figures from a previous
publication. Explicit permission can be expressed in the form of a letter from the
editor or a link to the editorial policy that allows re-prints. Please upload this
information as a .doc or .docx file to your Editorial Manager account. The Figure
must be cited appropriately in the Figure Legend, i.e. “This figure has been modified

from [citation].”

Answer: The explicit copyright permission is uploaded accordingly.

3. Please use h, min, s for time units.

Answer: The manuscript is modified accordingly.

4. Please define all abbreviations before use.

Answer: The manuscript is modified accordingly.
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Reviewers' comments:

Reviewer #1: The manuscript entitled "Fabrication of Thin Film Silver/Silver Chloride
Electrodes with Finely Controlled Single Layer Silver Chloride" submitted by Prof. Jie
Yuan described a protocol to obtain electrodes modified with a thin film of Ag/AgCl
combining sputtering and electrochemical deposition.

The protocol is well stablished, but some minor aspects should be revised.

Q1.1 Please the acronyms used should be defined the first time used (for example

FHD-5 or DI, but there are others along the manuscript).

Answer: Thank you for your suggestion. The manuscript is modified accordingly.
However, for FHD-5 and MS2001, they are not acronyms. Nonetheless, | stated the
function of the chemicals before their names for clarification (positive resist

developer FHD-5, positive photoresist stripper MS2001).

Q1.2 The reactants used should be on capital letter only at the beginning of a

sentece.

Answer: Thank you for your suggestion. The manuscript is modified accordingly.

Q1.3 There are some technical and specific words that which would be of great use
to the reader if its meaning were indicated, albeit in a very brief form (for example,

"descum").

Answer: Thank you for your suggestion. The manuscript is modified accordingly. The

term ‘descum’ is elaborated.



Q1.4 In the manuscript the section 7 is yellow highlighted. | do not understand why.

Is something wrong or that the authors want to change?

Answer: Thank you for your question. The yellow highlighted sections are requested

by the journal for video capturing.

Q1.5 A list of the instruments used should be included (for example the SEM)

Answer: Thank you for your suggestion. The list of instruments used is included in
the ‘Table of Materials’ spreadsheet. Concerning the SEM, as it is NOT involved in
the fabrication of the thin film silver/silver chloride electrodes, we find it prudent to

not include it in the ‘Table of Materials’.

Q1.6 Revise the references. There are some reference where not all the authors are
cited.
Answer: Thank you for your suggestion. For reference 2, not all the authors are cited

on purpose to fulfil the journal’s requirements on references.

Reviewer #2: Dear authors,

The authors want to develope a new method to fabricate the Ag/Agcl reference
electrode. But the results seem too simple to publish. So the major revision is
needed before consideration of publication.

Major Concerns:

The authors need to make some major revision and answer some questions like:



Q.2.1 Why can the bare macro Ag/AgCl electrode be defined as the counter

electrode in step 7.4 and 8.2?

Answer: Thank you for your question. The reason why the bare macro Ag/AgClI
electrode can be defined as the counter electrode is because it has a large surface
area. It can act as an electron sink to complete the current flow between the
CHI660D machine, the working electrode and the electrolyte while not interfering
with the working electrode’s measurement as its interfacial impedance with the
aqueous 0.1M KCI solution is quite small compared to the working electrode due to

its high surface area.

Q2.2 How is the AgCI coverage calculated?

Answer: Thank you for your question. The AgCIl coverage can be calculated using
the Faraday’s Law of Electrolysis detailed in the beginning of the discussion section.
For clarity, the equation and the description is slightly modified to better explain the

calculation for AgClI coverage.

Q2.3 What is the corresponding AgCl coverage when the Ag/AgCl electrode has

lowest impedance? What is the lowest impedance?

Answer: Thank you for your question. This is answered by our previous publication
(Tjon, K. C. E., Yuan, J., Impedance characterization of silver/silver chloride micro-
electrodes for bio-sensing applications. Electrochimica Acta. 320, 134638 (2019).).
From our findings, the 160um x 160um Ag electrode with 90% AgCI fabrication

using this protocol has the lowest impedance. Its impedance varies with changing



frequency; at 100Hz the impedance is around 20kQ: at 100kHz the impedance is

around 4kQ.

Q2.4 How are its reproducibility and stability when the Ag/AgCI electrode is used as

reference electrode?

Answer: Thank you for your question. The focus of this line of work is to design
Ag/AgCl electrode for sensing, not for reference. This is a new development of the
Ag/AgCl electrode application, which needs discussion. We feel the discussion of its

usage for reference electrode will diverge the topic.

Reviewer #3:

Q3.1 The samples after fabrication should be characterized more, for example, the

AFM, XRD, EDS, Raman spectra... to confirm that the AgCl layer was really formed.

Answer: Thank you for your suggestion. AFM is a scanning probe microscopy
method which we deemed that is not needed to confirm the existence of AgCI on the
surface of the electrode as from the SEM images a layer of crystals can already be
observed on the surface of the electrodes. XRD and Raman spectroscopy were
attempted. However, as the AgCl layer is too thin, XRD is unable to detect the
characteristic crystalline structure of AgCIl. For Raman spectroscopy, the thin layer of
the AgCI causes focusing issues for the optical microscope and the incomplete AgCl
coverage of the electrodes leads to a strong background signal as the metal layers

underneath the AgCl layer are being detected by the Raman spectroscope, thus for



both of the methods the characteristic peaks cannot be observed. With this thin layer

of AgCl, SEM seems to be the best characterization method.

Q3.2 The SEM image of the cross-section is expected to include to see each layer.

Answer: Thank you for your suggestion, however this SEM image cannot be
obtained from our Ag/AgClI electrode. To obtain the SEM image of the cross-section,
the AgCl is needed to be formed on the surface of the electrode first, then the chip is
needed to be diced by a chip dicer which involves constant flushing of the sample
using deionized water before SEM observation of the chip. As the AgCl layer is thin
and fragile, during the flushing step the layer of AgCl is easily damaged and flushed
away and thus the AgClI layer would not be included in the cross-section image,

which defeats the purpose of this SEM scan and thus not included.

Q3.3 The literature review: The author should refer to the recent involved publication
(Tien Minh Huynh et al 2019 Adv. Nat. Sci: Nanosci. Nanotechnol. 10 015006:
Fabrication of thin - film Ag/AgCl reference electrode by Electron Beam Evaporation

method for potential measurements).

Answer: Thank you for your suggestion, this publication is included in the references

as reference no. 6.
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Biography:

Prof. Jie Yuan (M06-SM12) received his Ph.D in Electrical Engineering
from University of Pennsylvania, Philadelphia, in 2006. He received his
B.S in Electrical Engineering from Tsinghua University in 2000. Since
2006, Prof. Yuan has been a faculty member of the Electronic &
Computer Engineering Department in Hong Kong University of Science
& Technology. Currently, he is an Associate Professor at HKUST.

Prof. Yuan’s research expertise is on sensory IC design. His research
group has made contributions to the fields of ADC, CMOS imaging
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energy harvesting etc.
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VISUALIZED EXPERIM:

ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article: | Fabrication of Thin Film Silver/Silver Chloride Electrodes with Finely Controlled
Single Layer Silver Chloride

Author(s): Kai Chun Eddie TJON, Jie YUAN

ltem 1: The Author elects to have the Materials be made available (as described at
http://www.jove.com/publish) via:

Standard Access Open Access

Item 2: Please select one of the following items:
The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video of the Article, and in which the Author may or may not
License Agreement, the following terms shall have the appear.

following meanings: “Agreement” means this Article and 2. Background. The Author, who is the author of the
Video License Agreement; “Article” means the article Article, in order to ensure the dissemination and protection
specified on the last page of this Agreement, including any of the Article, desires to have the JoVE publish the Article
associated materials such as texts, figures, tables, artwork, and create and transmit videos based on the Article. In
abstracts, or summaries contained therein; “Author” furtherance of such goals, the Parties desire to memorialize
means the author who is a signatory to this Agreement; in this Agreement the respective rights of each Party in and
“Collective Work” means a work, such as a periodical issue, to the Article and the Video.

anthology or encyclopedia, in which the Materials in their 3. Grant of Rights in Article. In consideration of JoVE
entirety in unmodified form, along with a number of other agreeing to publish the Article, the Author hereby grants to
contributions, constituting separate and independent JoVE, subject to Sections 4 and 7 below, the exclusive,
works in themselves, are assembled into a collective whole; royalty-free, perpetual (for the full term of copyright in the
“CRC License” means the Creative Commons Attribution- Article, including any extensions thereto) license (a) to
Non Commercial-No Derivs 3.0 Unported Agreement, the publish, reproduce, distribute, display and store the Article
terms and conditions of which can be found at: in all forms, formats and media whether now known or
http://creativecommons.org/licenses/by-nc- hereafter developed (including without limitation in print,
nd/3.0/legalcode; “Derivative Work” means a work based digital and electronic form) throughout the world, (b) to
upon the Materials or upon the Materials and other pre- translate the Article into other languages, create
existing works, such as a translation, musical arrangement, adaptations, summaries or extracts of the Article or other
dramatization, fictionalization, motion picture version, Derivative Works (including, without limitation, the Video)
sound recording, art reproduction, abridgment, or Collective Works based on all or any portion of the Article
condensation, or any other form in which the Materials may and exercise all of the rights set forth in (a) above in such
be recast, transformed, or adapted; “Institution” means translations, adaptations, summaries, extracts, Derivative
the institution, listed on the last page of this Agreement, by Works or Collective Works and(c) to license others to do any
which the Author was employed at the time of the creation or all of the above. The foregoing rights may be exercised in
of the Materials; “JoVE” means Mylove Corporation, a all media and formats, whether now known or hereafter
Massachusetts corporation and the publisher of The Journal devised, and include the right to make such modifications
of Visualized Experiments; “Materials” means the Article as are technically necessary to exercise the rights in other
and / or the Video; “Parties” means the Author and JoVE; media and formats. If the “Open Access” box has been
“Video” means any video(s) made by the Author, alone or checked in Item 1 above, JoVE and the Author hereby grant
in conjunction with any other parties, or by JoVE or its to the public all such rights in the Article as provided in, but
affiliates or agents, individually or in collaboration with the subject to all limitations and requirements set forth in, the
Author or any other parties, incorporating all or any portion CRC License.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name: Kai Chun Eddie TJON

Department:  I'nepartment of Electronic and Computer Engineering

Institution: The Hong Kong University of Science and Technology

Title: PhD Candidate

Signature: oo Qi s fe Date: 09/24/2019

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

612542.6

Document Ref: SPIJA-7KI72-8WJWD-ICR5R
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Document Ref.: SPIJA-7KI72-8WJWD-ICR5R

Document signed by:

Kai Chun Eddie Tjon
Verified E-mail: %%é‘%%

kcetjon@connect.ust.hk

Document completed by all parties on:

24 Sep 2019 13:31:21 UTC
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