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Abstract

The purpose of this work 1s to fabricate and characterize Ag/AgCl
electrodes made on a silicon chip at the wafer level with integrated circuit-
compatible fabrication techniques Such electrodes are useful as reference
electrodes 1n several kinds of chemical sensors Two types of electrode were
mvestigated The first type uses an evaporated AgCl layer that 1s patterned
with hft-off photolithography The second type 1s formed by exposing a
selected part of the silver substrate to a KCrO;Cl solution Both types of
electrode give the thermodynamically expected potential response to varia-
tions of Cl™ 10n concentration The potential generated by the KCrO,Cl-
formed electrodes was more stable, however Auger electron spectroscopy
depth profiles indicate that immersion in a KCrO4Cl solution produces a
thin layer of AgCl on top of a layer of AgO The low electronic resistance of
AgO then reduces the measured series resistance of the KCrO,Cl-formed
electrodes Impedance plane plots and the mmpedance as a function of
frequency were measured for both types of electrode, and the impedance of
the evaporated AgCl electrodes was indeed considerably higher The imped-
ance measurements could be successfully modelled by assuming a Randles
equivalent circuit for the AgCl/electrolyte interface For the KCrO;Cl-
formed electrodes, the impedance was modified by the porosity these
electrodes manifested

1. Introduction

Work on chemical sensors using integrated circuit fabrication techniques
has mainly focused on the development of 1on-sensitive field-effect transis-
tors (ISFETSs) sensitive to 1ons such as H*, Na*, K* and Ca** [1 - 4] Much
less attention has been paid to the necessity of incorporating a reference
electrode on the sensing chip in order to exploit fully the advantages of
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ruggedness and small size for the complete system Harame was the first
to mncorporate an Ag/AgCl structure on the same chip as an ISFET [5]
Recently, Smith and Scott [6] have presented an on-chip Ag/AgCl reference
electrode with a reference electrolyte A bare Ag/AgCl electrode 1s sensttive to
Cl™ 10ns, and 1s not a generally applicable reference electrode In spite of
this, it 1s clear that the first step towards a batch fabricated on-chip reference
electrode will be the deposition of an Ag/AgCl structure on the chip We will
concentrate in this paper on the best fabrication technology for such elec-
trodes In various sensing applications, a bare Ag/AgCl electrode 1s sufficient
for the sensor operation, as for example 1n

(a) The anode in a micromachined Clark cell for the polarographic
determination of oxygen [7] A Clark cell on a silicon substrate has been
described by Siu and Cobbold [8] and Engels and Kuypers [9]

(b) The reference electrode 1n a micromachined Severinghaus electrode
for the determination of dissolved carbon dioxide Such an electrode is now
being developed in our laboratory, based on an ISFET with an added CO,-
permeable membrane

(c) The reference electrode for a differential ISFET/REFET parr, as
mtroduced by Tahara {10] In this case the ISFET 1s pH-sensitive while the
REFET 1s made pH-insensitive by a polymer coating on the morganic gate
The reference electrode potential 1s then a common mode signal for the
measurement electronics Since 1t 1s difficult to obtain a high common mode
rejection due to the bad matching of the two transistors, 1t 1s desirable to
have a stable electrode such as Ag/AgCl rather than the platinum used in
ref 10

(d) A quasi-reference electrode for a single ISFET 1n cases where the
Cl™ concentration does not vary significantly, as suggested by Harame [5]

We will report here on the properties of on-chip Ag/AgCl electrodes
fabricated with integrated circuit-compatible technologies, t e, techniques
which form all the electrodes on a whole silicon wafer simultaneously,
before the mmdividual chips are scribed, mounted and encapsulated This
excludes the usual electrolytic formation of these electrodes, which must be
done after encapsulation, although we have made some electrodes of this
type for comparison Two wafer-scale fabrication methods were mnvestigated
(a) evaporation of silver followed by evaporation of AgCl, (b) evaporation of
silver and electroless plating of AgCl using a KCrO;Cl solution

2 Fabncation procedure

All fabrication was carried out on an oxidized silicon substrate Thas
substrate does not play an active role in the subsequent steps, we have
chosen 1t because of 1its convenience, and to retain compatibihity with
integrated circuit chemical sensors such as ISFETs

The first step 1n device fabrication was the deposition and patterning of
a silver layer To obtain adhesion of this layer on the S10, substrate, a thin
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primer layer of titanium was used Typical thicknesses were 15 nm of T1 and
400 to 1000 nm of Ag Patterning was done with positive photolithography,
the silver being etched with Fe™(NO;); and the titanium with 1 25 HF/H,0
To avoid destroying the silver layer, the resist was stripped with boiling
acetone

Next, a permanent protection layer was deposited and patterned The
purpose of this protection layer 1s twofold First, to avoid contact of the
silver/titanium sandwich with an electrolyte, which would cause corrosion of
the titanium due to the electrolytic cell Ag/electrolyte/T1, all the edges of
the metal sandwich are protected Secondly, the Ag/T:i paths between the
bonding pads and the final surface to be chlorided are permanently pro-
tected This makes the final epoxy encapsulation of the bond wires during
the mounting of the chip less critical, and always leaves an exactly defined
electrode surface in contact with the liquid to be measured Figure 1 shows a
cross-sectional drawing of the electrodes 1in this study The area of all types
of electrodes was 1 mm?

. Temporary layer
AgCI layer

- Permanent protection layer
Epoxy - Ag layer
Pl ety 45000As-02
=]

Silicon chip

Bond wire

SUBSTRATE

Fig 1 Cross-sectional representation of the Ag/AgCl electrodes fabricated i this work

For most of the samples, the protection layer was Hunt number 3
negative resist, postbaked at 130 °C for 40 minutes A disadvantage of this
material, however, was its tendency to swell during the chlorobenzene dip
required for the subsequent Lift-off (see below) Therefore, we also tried
CVD-deposited S10, and polymmide as protection layers Polyimide appears
to have the most suitable properties for this application

For the next step, formation of AgCl, two possibilities were tried

(a) First, AgCl was evaporated at a pressure of 107> Torr Deposition of
silver halides 1n this way has been reported by various authors [11 - 13]
Laft-off photolithography was required to pattern the AgCl, and to avoid
chemical etching and the possibility of decomposing the AgCl by the uv
light mnvolved in photohithography An overhang was created in the Shipley
AZ1450J photoresist with a chlorobenzene dip, as reported by Hatzakis
et al [14]) This method of deposing AgCl has the advantage that the silver
layer mitially present should not be consumed The thickness of the evapo-
rated layer was estimated by weighing, and was typically found to be 200 to
400 nm The Lift-off was carried out by dissolving the resist in acetone

(b) The second possibility consisted of dipping the wafer in a 8 g/htre
solution of KCrO;Cl for 2 to 3 minutes [15] This substance was synthesized
by the reaction of K,Cr,0; with HCI [16], and further purified by recrystal-
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lization Only freshly prepared solutions of KCrO;Cl were used Photoresist
was deposited and patterned to protect those regions of silver that were not
to be converted The advantage of this method of chloridizing silver 1s that
the reaction proceeds at a relatively slow rate, which 1s easy to control
Determined by weight increase, we estimate that the silver chloride 1s formed
at a rate of about 100 nm/minute About half the silver layer originally
present was transformed, which leads to chloride layers =200 nm thick

To avoid damaging the AgCl layer by the vapours produced during the
curing of the epoxy encapsulant, the AgCl regions were temporarily covered
with positive photoresist The last steps of the fabrication procedure con-
sisted of seribing the wafer, mounting the die on ceramic carriers, bonding
and encapsulation with epoxy Before testing, the protection layer on the
AgCl was removed with acetone

3 Testing procedures

The following measurements were carried out on the encapsulated
electrodes

(a) Cell potential measurements were made relative to a standard
reference electrode, 1n particular with respect to the response to Cl™ con-
centration, stability of the potential and the temperature coefficient Tem-
perature response was measured by slowly varying the temperature of
the electrolyte, while the standard reference electrode was kept at room
temperature

(b) Complex plane impedance measurements as a function of frequency
were carried out using a Schlumberger Solartron 1170 Frequency Response
Analyser and a 1186 Electrochemical Interface A standard Ag/AgCl elec-
trode was used as the reference electrode, and a large-area Pt electrode as the
counter-electrode The electrolyte was 1M KCl, in a nitrogen or oxygen
ambient The evolution of the total impedance with time for some electrodes
was measured with a lock-in amplifier All measurements were at room
temperature

(c) The structure of the electrodes was inspected 1n a scanning electron
microscope

(d) Auger depth composition profiles were carried out on a Physical
Electronics 54bA system, with a type 04-191 5 keV rastered 10on sputter gun
to ensure uniform sputtering

4. Results

4 1 Potential measurements

We measured the potential versus Cl~ concentration at 25 °C of a total
of 60 electrodes of the evaporated type and of the KCrO4Cl type, and also
mcluding some conventional electrolytically formed electrodes with the
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same surface area The sensitivity to C1™ 1ons was 56 + 3 mV per decade of
concentration for all electrode types No differences in the potentiometric
response to chlorine 10ns were observed between the two types of electrodes
In addition, the temperature dependence of the electrode potential agrees
with theoretical expectations, independent of the type of electrode Typical
values of dV/dT are shown m Table 1 Concerning stability, however, we
observed a marked difference between the evaporated and the KCrO,Cl-
formed type of electrode, as shown in Fig 2 Both electrode types show
some 1nitial dnft, but the long-term stability of the KCrO;Cl-formed elec-
trode 1s far better

TABLE 1

Measured temperature dependence of the potential of an evaporated AgCl electrode as a
function of KCI concentration

Concentration KCl Measured Theoretical
(mol) dV/dT (mV/°C) dV/dT (mV/°C)
1073 0 87 -
1072 0 56 061
1071 033 0 43
100 017 025
saturated —014 —0 14
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Fig 2 Potential as a function of time after first exposure to the electrolyte (1M KCI +
AgCl) of both types of electrode Curve A evaporated AgCl electrode Curve B KCrO;Cl-
formed AgCl electrode
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4 2 Impedance measurements

Because some time evolution of the impedance of evaporated AgCl
electrodes was observed, Fig 3 shows impedance plots after 30 minutes and
after six hours at frequencies from 1 Hz to 10 kHz The evolution of the
mmpedance was further studied by measuring the magnitude of the imped-
ance at 200 Hz as a function of time for a number of devices Figure 4
indicates that for evaporated AgCl electrodes stabihity was achieved after
about six hours The general shape of the impedance plot in the complex
plane did not change appreciably, the evolution consisted of a reduction of
the impedance amplitude at all frequencies Replacing the nitrogen ambient
by oxygen produced no significant change in the impedance plot or i1n the
electrode potential, the same was true for the presence or absence of hght
The impedance plane plot and the impedance as a function of frequency
after stability 1s achieved can be seen 1n Fig 5 The impedances involved are
definitely higher than those obtained with ordinary electrolytic Ag/AgCl
electrodes

Z Imag [k Q]

coof r r . ' — . . :
000 16 a2 a8 64 80

~————— ZReal k)

Fig 3 Evolution 1n time of the impedance plane plot of the evaporated AgCl electrode
Curve A after 30 minutes’ exposure to 1M KCl Curve B after 6 hours’ exposure The
solid Imnes are the theoretical curves calculated with the Randles equivalent eircuit of
Fig 10 The parameters are, for curve A Cpp, =8 0 X 1075 F/em?, 0 = 750 £ em?, 0 =
1450 £ em? s~ !/2 and Rg = 25 §2 em? For curve B Cpy, = 8 3 X 1075 F/em?, 6§ = 460 2
cm? 0 =830 Q em2s5 12 and Rg =15 £2 em?
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Fig 4 Change of the absolute value of the impedance |Z| at 200 Hz after the first expo-

sure to the electrolyte Curve A evaporated AgCl electrode Curve B KCrO;Cl-formed
AgCl electrode

Electrodes made with KCrO;Cl behaved quite differently The imped-
ance was much lower than for the evaporated types, and drifted considerably
more, as shown in Fig 4 This Figure shows a rather abrupt mitial change,
followed by stable behaviour The 1mpedance plane plot and the impedance
as a function of frequency after the initial conditioning are shown in Fig 6
This impedance plane plot looks much like the one expected for Ag/AgCl
electrodes, with a Warburg line at low frequencies However, for our elec-
trodes the slope of this line 1s 20°, which 1s nearly half the 45° expected
Such halving of the phase angle 1s known to be associated with highly porous
electrodes [17]

4 3 SEM pictures

SEM pictures of the surface of both types of electrodes are shown in
Figs 7(a) and (b) In both cases, a similar type of granular structure 1s
observed, although for the evaporated AgCl 1t occurs on a finer scale The
rough surface of the KCrO;Cl-fabricated sample suggests that the bulk of the
film could also be porous to some extent, in agreement with the phase angle
halving observed 1n Fig 6(a)

4 4 AES depth profiles

An Auger electron spectrum of the surface and a depth profile of an
evaporated AgCl electrode are shown in Figs 8(a) and (b) The most remark-
able feature of this profile 1s that nowhere does the AgCl layer seem to have
a constant composition Instead there i1s an almost linear variation of the
chlorine signal from the surface to the silver substrate The mterface between
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Fig 5 (a) Impedance plane plot (dots) of the evaporated AgCl electrode after the initial
conditioning period (b) Impedance as a function of frequency for the same measurement
(dots) The theoretical curves (solid lines) are according to ealculations based on the Randles
equivalent circuit (Fig 10) and have the same parameter values as curve Bin Fig 3
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Fig 6 (a) and (b), same plots as given 1n Fig 5, but now for a KCrO;Ci-formed AgCl
electrode The parameter values for the theoretical curve are discussed in the text

Ag and AgCl 1s marked by a more rapid change of the chlorine concentra-
tion From the surface spectrum and the sensitivity values reported in the
AES handbook [18] 1t follows that the apparent composition at the surface
1s AgCl, 45, a considerable deviation from stoichiometry The same measure-
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(b)

Fig 7 SEM pictures of the surface texture of the two types of electrodes (a) Evaporated
AgCl electrode, magnification 10 500 (b) KCrO3Cl-formed AgCl electrode, magnification
3500

ments on a conventional electrolytically-formed AgCl layer yielded very
similar results

Electrodes fabricated with a KCrO;Cl dip have very different AES
depth profiles, as can be seen in Figs 9(a) and (b) Although the surface
spectrum shows hardly any oxygen and 1s very similar to the spectrum for
evaporated AgCl shown above, sputtering shows that this oxygen-free
surface layer 1s very thin, and 1s followed by a layer which 1s mainly silver
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Fig 8 AES analysis of the evaporated AgCl electrode, with a primary electron energy of
3 keV (a) Surface spectrum before sputtering (b) Depth profile obtained by sputtering

oxide Application of the AES handbook [18] sensitivity values gives a
layer composition of AgO, ¢sCly ,, Therefore, the silver oxide of this inter-
nal layer 1s similar in composition to the stoichiometric oxide AgO Similar
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Fig 9 AES analysis of the KCrO3Cl-formed AgCl electrode, with a primary electron
energy of 3 keV (a) Surface spectrum before sputtering (b) Depth profile obtained by
sputtering

profiles were found for silver strips immersed in KCrO3;Cl The formation of
a thin layer of silver chloride on top of a thicker layer of AgO 1s therefore
typical for the action of KCrO;Cl on silver
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5 Discussion

5 1 Potential measurements

The accuracy and reproducibility of the potential produced by both
types of electrodes was sumilar to that of the classical electrolytic electrodes
we produced with the same geometry, and agreed with the thermodynamic
prediction We did not apply long aging treatments such as those described
mn ref 19 for electrolytic electrodes, which improve the accuracy of the
potential considerably Longer aging of our electrodes would probably
ncrease the reproducibility of theiwr potential 1n a similar fashion

5 2 Interpretation of the AES profiles

The structure of the evaporated electrodes 1s more complicated than
would be expected from a simple deposition of stoichiometric AgCl on top
of silver The AgCl probably dissociates on evaporation, as mdicated by the
silver residue we observed in the crucible at the end of the evaporation The
volatility of the halogen, leading to some excess silver 1mn evaporated silver
halide films, was noted by Baetzold [13] Thus, we expect that the dissocia-
tion of silver chloride upon vaporization will produce some chlorine, which
will react rapidly with the substrate metal and produce metal chioride Silver
halide evaporation should therefore produce films that are similar to those
formed by controlled exposure of silver to a halogen, as was done for Agl by
Peverell and van Leeuwen [20] The reaction occurring during evaporation
was clearly demonstrated by the experiments of Von Bacho et al [12], who
evaporated silver halides on various substrate metals They found, for in-
stance, that the surface of an AgBr film evaporated on a copper substrate 15
richer 1n copper than i silver, which shows that the mechanism of film
formation involves the reaction of the halide with the substrate metal

It would be desirable to obtain more mmformation about the nature of
the Ag/AgCl interface in our films through the Auger profiles The problem
n the interpretation of these measurements 1s the tendency of silver halides
to dissociate as a result of electron or 1on bombardment The chlorine
formed by dissociation then desorbs, leaving a surface enriched in silver This
effect occurs as a result of the primary electron beam, and explans the
lack of stoichiometry as observed in the surface Auger spectra, before any
sputtering Very few Auger spectra of silver halide films have been published,
Baetzold’s results on AgBr films [21] show this artefact even more strongly
than ours Benz et al [22] have also reported the dissociation of silver
halides bombarded with 40 keV electrons, at beam current densities of
16 X10% A/cm? On alkali halides the electron-induced dissociation and
desorption of the halogen have been studied much more extensively [23,
24] The apparent non-stoichiometry we see in our samples can be explained
by these effects, and there 1s no reason to assume that these AgCl surfaces
are not stoichiometric In summary, the quantitative interpretation of AES
spectra of silver halides 158 made very difficult by the electron-induced
dissociation and desorption which occur Although the evidence in the
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hterature i1s less clear about the effect of 1on bombardment on the AgCl
surface, Baetzold [21] has observed the decrease in the halogen Auger signal
as sputtering progresses He attributed the effect to differential sputtering
Such a decrease 1s also evident 1n the profile of Fig 8(b) It is probable that
the decrease 1mn the Cl signal 1s due to either electron-induced dissociation
and desorption, or differential sputtering, or a combination of both

The main value of the AES profiles 1s to reveal the difference between
the two types of electrodes studied here, and in particular to show that the
KCrO;Cl-formed electrodes have an intermediate layer, which 1s a mixture
of silver oxide and silver chloride The surface AgCl layer i1s very thin, of the
order of 20% of the total film thickness The composition of the silver
oxide 1s close to AgO, assuming that there is no strong electron-induced
dissociation effect in this layer The Auger signals remain relatively constant
while sputtering through this layer, which indicates that 1t 1s less unstable
than AgCl The presence of silver oxide 1s probably due to the oxidizing
action of the chromate 1ons released by the decomposition of the chloro-
chromate 1ons into chlorine and chromate 10ns

From the previous arguments, it 1s to be expected that the C1 signal in
an AES profile will not correspond to the actual chlorine content, but that
the Ag signal will be reliable The presence of a sharp Ag/AgCl interface
would therefore manifest itself by a sudden transition in the Ag signal No
such sharp transition 1s observed in any of the electrodes, although 1t 1s more
marked for the KCrO;Cl-formed electrode, as shown in Fig 9(b) This tends
to support the 1dea that the electrodes fabricated by both methods presented
here have no sharp Ag/AgCl interface

5 3 Interpretation of the impedance plots

To nterpret the impedance results, a model of the Ag/AgCl electrode 1s
required There 1s hittle literature available on the internal structure of the
Ag/AgCl electrode, but the Ag/Agl system has been studied in detail by
Peverelli and van Leeuwen [25] Therr equivalent circuit consists of two
interfacial impedances for each of the interfaces, bridged by a geometncal
capacitance, which is neghgible It i1s shown in ref 25 that the impedance of
the Ag/Agl interface 1s lower than the impedance of the Agl/electrolyte
mterface Since there are indications that the Ag/AgCl interface 1s not sharp
anyway, we will neglect the complex part of its impedance and assume that
the electrode impedance depends mainly on the AgCl/electrolyte interface
This has the further advantage of avoiding complications caused by the
complex internal structure of the KCrO,Cl-fabricated electrodes

According to Peverelli and van Leeuwen [20], the impedance of the
Agl/electrolyte interface 1s given by a Randles equivalent circuit (Fig 10)
We will assume the same 1s true for the AgCl/electrolyte mmterface, implying
that the AgCl/electrolyte impedance Zgy, 1s given by the double layer capaci-
tance Cpy, 1n parallel with a Faradaic impedance of

Zp=0+(1—)ow /2 (1)
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Fig 10 The Randles equivalent circuit used to interpret the impedance behaviour of the
electrodes

where 0 1s the coefficient of the Warburg impedance, and 8 1s the charge
transfer resistance given by
0 = RT (2)
Fl()
and 14 1s the exchange current density of the charge transfer reaction, which
1s assumed to 1nvolve one electron In series with the interfacial impedance 1s
the resistance Rg, which 1s the sum of the resistance of the electrolyte, the
silver substrate, and all internal layers and interfaces Thus, the total mea-
sured impedance 1s given by

0+ (1 —)owl’?
1+ )wCp[0 + (1 —))ow 1?]

The equivalent circuit of Fig 10 will first be used to interpret the
impedance measurements obtamed with the evaporated Ag/AgCl electrode
The theoretical complex impedance plane plot, and the impedance versus
frequency plot obtained from the equivalent circuit, can be found m Figs
5(a) and (b), together with the experimental data The agreement with
measurement 1s very good in the low-frequency region, up to about 100 Hz
At higher frequencies, the expernmental curve approaches the real axis at
an angle of 65° instead of the 90° expected on the basis of the Randles
equvalent circuit This reduction of phase angle could be due to the porosity
or roughness of the electrode, which 1s visible on Fig 7(a), begmmmng to
manifest itself at those frequencies The values of Cpr,, 0 and o were ob-
tained as follows In the complex mmpedance plane plot, 6 follows directly
from the curvature of the circular part of the plot The pomnt at which the

Z=RS+ZEL=RS+

(3)
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Warburg impedance starts to affect the curve depends on 6%Cp;,, which 1s
determined by fitting the experimental curve Finally, fitting the theoretical
plot of |Z] versus frequency to the experimental results yields the individual
values of 6 and Cp;, The values found in the 1M KCIl solution were Cpy, =
83 X105 F/em?, 6 =460 £ cm?, and 0 = 830 £ cm? s7!“2 We have not
apphed any correction to these values to take account of the difference
between real and apparent surface area, which should be borne in mind when
comparing our results to those mn ref 25, where a correction factor of 1 5 1s
applied

The series resistance times unit area Rg 1s found to be about 15 £ cm?,
and 1s probably mostly due to the high electronic resistance of the AgCl
layer The bulk resistivity of thin evaporated AgCl films has been measured
by Baetzold [13], for the (111) onentation at room temperature his result 1s
107  cm A smilar value for amorphous thin films 1s cited by Janz [19]
Since the thickness of our evaporated AgCl films 1s of the order of 300 nm,
a series resistance of 300 £2 cm? would be expected In fact, the observed
resistance 18 more than an order of magnitude smaller This phenomenon 1s
well known for electrolytic AgCl electrodes, where a discrepancy of a factor
of 10 to 100 1s seen [19] Various explanations for this, mcluding porosity,
have been advanced Another possibility 1s that the AgCl layers imnvolved here
have sufficient silver to increase their conductivity appreciably

The impedance plane plot of the KCrO;Cl-formed electrode 1s quite
different, and 1t can be seen that the phase angle 1s approximately halved
compared to the previous electrodes This suggests the presence of porosity
According to de Levie [17], the impedance of an electrode with sufficiently
long and narrow pores 1s given by

Zyp = a\/ Zxy, (4)

The proportionality constant a depends on the pore size distribution and on
the resistivity of the electrolyte solution, and Zgy, 1s the impedance per unit
of true area of the AgCl/electrolyte interface This expression assumes pores
that are much narrower than they are deep Since the thickness of the AgCl
layer for these electrodes 1s only about 200 nm, the pores must have dimen-
sions smaller than 20 nm As before, the total measured impedance 1s given
by

Z=2Zp + Ry (5)

Figures 6(a) and (b) show how theoretical curves generated by egns (4) and
(5) it the experimental data The fit 1s excellent for the semicircular region
of the impedance plane, but the slope of the Warburg line 1s somewhat less
than the 22 5° expected from the theory for a perfectly porous electrode It
1s therefore clear that at low frequenctes this theory does not entirely apply
The theoretical parameters are determined by the same procedure as de-
scribed above, with one difference with the addition of the extra parameter
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a there 1s redundancy 1n the parameter set, and values of 8, ¢, and Cpy, can be
determined for each a If one chooses to force the double layer capacitance
to be the same as for the evaporated AgCl electrode, then the other param-
eters for a 1M KCI solution are 0 =1 47 £ ecm?, and 0 =205 £ cm? 57172
These values do not have much absolute meaning, but they do indicate that
relative to the double layer capacitance, the charge transfer resistance 1s
much lower in this case A possible explanation for this 1s the presence of
surface texture on a much finer scale than can be imaged with a SEM As
Peverell: and van Leeuwen have argued [20], if there 1s surface roughness on
a scale smaller than the double layer dimensions, then the double layer
capacitance does not change but the effective area for the charge transfer
reaction increases This again suggests the presence of roughness or pores on
a distance scale of the order of nanometers

The series resistance 1n this case 1s about 0 045 £ cm?, which 1s much
lower than for the evaporated electrodes This can be explained by assuming
that the internal layer 1s indeed mainly AgO, as the Auger profile indicates,
smce AgO 1s a good electronic conductor

The 1mtial evolution of the impedance 1s another indication of the
porosity of the KCrO;Cl-formed electrodes The considerable decrease of the
mpedance during the first hour of exposure to an electrolyte shows an
increase of surface area This can be interpreted as a filling of the small pores
present after the KCrO;Cl treatment

6. Conclusions

We have demonstrated that both methods of electrode fabrication yield
electrodes with the expected potential in chloride solutions However, 1t 1s
also clear that the KCrO;Cl-formed electrodes have the following advantages

(a) The electrode potential 1s more stable and reaches stability faster,
making more precise measurements possible

(b) Low series impedance due to the highly conductive AgO layer, and
low total impedance due to a high effective surface area

(c) Ease of fabrication, all that 1s required 1s a dip of the encapsulated
electrode 1n the KCrO;Cl1 solution

These advantages mean that the KCrO,;Cl-fabricated electrodes are the
most suitable candidates for the applications listed above A possible dis-
advantage 1s the thinness of the AgCl layer of these electrodes, which might
make them more vulnerable to the electrolytic dissociation of the AgCl layer
due to the passage of current

The understanding of the internal functioning of all these Ag/AgCl
electrodes 1s still ncomplete We have found that a first order approach to
understanding the electrode impedance yields reasonably good results, but
the explanation 1s not perfect Especially for the KCrO;Cl-fabricated elec-
trodes, the internal structure 1s complex, and 1t would be difficult to take
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account of 1t 1n a satisfactory way More impedance measurements 1n a wider
range of conditions would be required to elucidate these poimnts
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