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a b s t r a c t

A simple, miniaturized, and yet sensitive electrochemical nitrate sensor has been designed, fabricated and
tested. The thin-film silver sensing electrode, silver-oxide reference electrode, and platinum counter elec-
trode are microfabricated on a silicon substrate. A polyimide insulation layer is also patterned to improve
reliability of a sensor chip. The sensor chip incorporates microfluidic channels. A fixture is also created to
eywords:
lectrochemical sensor
hronocoulometry
itrate sensor
icrofabrication

integrate the sensor chip and fluidic connectors for on-line flow-through analysis. The electrolyte is 0.01 M
sodium hydroxide. The nitrate concentration is determined by double-potential-step chronocoulometry
(DPSC) because it improves signal-to-noise ratio compared to amperometry and minimizes oxygen back-
ground current. Interference analysis of DPSC with 10 ions commonly found in groundwater indicates
that HPO2−

4 /PO3−
4 , Ca2+, and Sr2+ cause significant interference (i.e., more than 20% signal distortion). Per-

formance characterization of sensor chips indicates that the limit of detection (LOD) and the upper limit
chip-
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. Introduction

The authors present a microfabricated nitrate sensor that uses
ouble-potential-step chronocoulomtry (DPSC) to measure con-
entration. This study was undertaken to assess the feasibility of
reating a simple and miniaturized nitrate sensor that is compatible
ith modern microfabrication techniques, and that has sufficient

ensitivity and reliability for various applications. The ultimate goal
f this work is to develop a new analytical tool that could be trans-
ormed into an inexpensive and mass-producible microsensor.

Excessive nitrate in drinking-water sources can present severe
isks to human health, especially for infants [1]. Nitrate is easily con-
erted to nitrite in the digestive systems of babies, and nitrite over
critical limit can cause methemoglobin that reduces the oxygen-

arrying capacity of blood (i.e., blue-baby syndrome). Therefore,
he U.S. Environmental Protection Agency (EPA) set the maximum
ontaminant level (MCL) for nitrate at 0.7 mM [2].

The interest in sensor networks has grown [3,4] because many
elieve they will become a very effective infrastructure for ana-
yzing contamination information in real-time, over large areas,
nd without human intervention. A crucial step in realizing such
ensor networks is the development of analytical systems that are
ensitive enough for target applications, and more importantly,

∗ Corresponding author. Tel.: +1 310 206 3995; fax: +1 310 206 8495.
E-mail address: dohyun@ee.ucla.edu (D. Kim).
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to-chip variation of 4–75 �M and 500–2000 �M, respectively.
© 2008 Elsevier B.V. All rights reserved.

ufficiently reliable for unattended operation over long periods
f time [4,5]. Also, such analytical systems need to be highly
iniaturized and low cost for large-scale deployment and high-

patial-resolution sensing.
Nitrate determination has been a challenge to the field of ana-

ytical chemistry for a long time. Despite much published work
n this topic, the de facto standard for nitrate detection continues
o be spectrophotometry based on the Griess assay published in
879 [6]. However, conventional bench-top techniques (e.g., UV/vis
pectrometry, chromatography, and capillary electrophoresis) usu-
lly require expensive and large instruments, complex procedures,
nd multiple reagents. As a result, in practice, samples are manu-
lly taken from sources and brought to the laboratory for analysis.
herefore, these approaches are not suitable for low-cost, real-time
pplications.

Electrochemical methods can be a more viable approach for
uch applications because they are relatively simple and sufficiently
ensitive. In particular, amperometric techniques have sufficient
ensitivity, and low LOD (typically 0.1–10 �M) [6]. A broad linear
ange (2–4 orders of magnitude) is also readily obtainable [6]. In
PSC, an amperometric technique, current is integrated over a time
eriod to increase the signal-to-noise ratio (SNR) and separate non-

aradaic components from the analytic signal [7]. Also, the potential
teps used in the DPSC technique can separate oxygen background
urrent from the analytical signal [8].

Silicon-based microfabrication is proven to be an efficient
anufacturing technique for disposable chemical microsensors

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:dohyun@ee.ucla.edu
dx.doi.org/10.1016/j.snb.2008.09.022
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A
USA) was used to deposit platinum, and then silver layers. Tita-
nium was used as the adhesion-layer material for both metals
since a chromium adhesion layer severely corroded during the elec-
trochemical activation process. The silver sensing and reference
electrodes, and the platinum counter electrode were patterned
D. Kim et al. / Sensors and

ith high-productivity, low-cost, and excellent manufacturing
eproducibility [9]. Microfabrication also opens the possibility of
ntegration of microelectronics, such as amplifiers, filters, a micro-
rocessor, and a wireless radio to enable a smart sensor. Metal
lectrodes were studied in this work, rather than biologically or
hemically modified electrodes or non-metal electrodes, to allow
traightforward microfabrication.

The proposed microfabricated sensor uses a simple electro-
hemical system: silver sensing electrode, silver-oxide reference
lectrode, and platinum counter electrode in 0.01 M NaOH
lectrolyte. The microelectrodes and microfluidic channels are
icrofabricated on a silicon substrate. Nitrate concentration is

etected using DPSC, in which current accruing from nitrate reduc-
ion to nitrite is integrated. The sensor is characterized for LOD,
inear range, and linearity.

. Experimental

.1. Chemical reagents

All chemicals are American Chemical Society (ACS) Reagent
rade. All solutions were prepared with 10 M � cm deionized water
Super-Q Plus, Millipore, Billerica, MA, USA). Sodium-hydroxide
lectrolytes were freshly prepared from pellets to minimize carbon-
te contamination. For the interference study, 1 M stock solutions of
0 different ionic species that are commonly found in groundwater
ere prepared from sodium salts (NaNO2, NaCl, Na3PO4, Na2SO4,
aF, Na2CO3, and NaBO2 · 4H2O) and acetate salts (KC2H3O2,
a(C2H3O2)2 · H2O, and Sr(C2H3O2)2 · xH2O).

.2. Apparatus

Characterization of sensor chips was conducted with an elec-
rochemical workstation (CHI-660B, CH Instrument, Austin, TX,
SA) and a miniature Ag/AgCl reference electrode (RE-5B, Bioan-
lytical System, West Lafayette, IN, USA). All measurements were
erformed in a Faraday cage (CHI-200, CH Instrument, Austin, TX,
SA).

.3. Double-potential-step chronocoulometry (DPSC)

In DPSC, two potential steps are applied, and the resulting cur-
ents are numerically integrated and subtracted to measure the net
itrate reduction charge QNO−

3
. Two advantages of DPSC over cur-

ent measurement are minimizing the oxygen background current
nd improving the SNR. Compared to the oxygen-free electrolyte,
significant increase in baseline current (i.e., −0.16 mA/cm2) was
bserved due to the reduction of dissolved oxygen (O2 + 2H2O +
e− → 4OH−) when the electrolyte was not purged with an inert
as [8]. The SNR is improved by integrating nitrate reduction
urrent, because the Faradaic component of integration grows
aster than the noise components. The detailed theoretical and
xperimental analysis of DPSC techniques is described elsewhere
8].

The complete experimental procedure of DPSC is as follows. (1)
itrate and NaOH solution is prepared. (2) The sensing electrode

s electrochemically activated. Activation consists of 10 poten-
ial scans between −1.2 and 1.0 V vs. Ag/AgCl reference electrode
unless otherwise stated) at a sweep rate of 1 V/s followed by 10

otential pulses between −0.25 and 0.9 V (0.5 s pulse-width). (3)
he sensing electrode is biased at E1 = −0.5 V from open-circuit
otential (OCPT) for 4 s. Holding the electrode potential at E1 for
ore than 2 s causes the oxygen-reduction current to reach a small

teady-state level. After 3 s, the current is numerically integrated for
F
o

ors B 135 (2009) 618–624 619

s, to calculate the oxygen reduction charge Q1. (4) The potential is
hen stepped from E1 to E2 (−0.98 V), where is diffusion-controlled
egime for nitrate and oxygen reduction. Therefore the nitrate
eduction begins, and the oxygen-reduction current is still in a
teady-state condition of the same magnitude as prior to E2. The
ouble-layer charging current, which is a non-Faradic component
f the measured current, has subsided significantly at 40 ms after
econd potential step is applied. The oxygen- and nitrate-reduction
urrents are integrated for 1 s (i.e., nitrate- and oxygen-reduction
harge, Q2). (5) The net nitrate-reduction charge QNO−

3
is then cal-

ulated by subtracting Q1 from Q2 (i.e., QNO−
3

= Q2 − Q1).

.4. Sensor-chip fabrication

Sensor chips for nitrate determination were microfabricated in
he UCLA Nanoelectronics Research Facility. Fig. 1 depicts a sensor
hip and its principal components (i.e., microelectrodes, microflu-
dic channels, polyimide protection layer, electrical interconnects,
nd contacts). An SEM image (Fig. 1b) shows the shape and arrange-
ent of microelectrodes and microfluidic channels. The sensor

hips were microfabricated on a silicon substrate. The entire fabri-
ation process is summarized in Fig. 2.

A silicon-oxide insulation layer was grown on the silicon wafer.
n e-beam evaporator (Mark 40, CHA Industries, Fremont, CA,
ig. 1. (a) Photograph of a sensor chip (note: 1 mm = 1division) and (b) SEM image
f its major components micromachined on a silicon substrate.



620 D. Kim et al. / Sensors and Actuators B 135 (2009) 618–624

w
f
T
t
e
a
g
c
c
l
m
4
T
t
t
e
i
I
fi
f
fi
d
t
(
n
w
s
2

r
fi
w
a
p
e
c
w
w
c
s
e
p
n
s

2

c
t
a
T
A
fi
b
o
f
v
s
t
m
p
i
b
W
o

w
o

�

w
c
o
i
1
i
c
e
P
a

3

Fig. 2. Fabrication process for the sensor chip.

ith a lift-off process. The electrical interconnects and contacts
or the electrodes were also patterned on the same metal layers.
he sensing and counter electrodes were designed to be concentric
o improve the uniformity of the current distribution between the
lectrodes. The shape of sensing electrode is a 310◦ arc of a ring with
n inner diameter of 65 �m and an outer diameter 175 �m. The
eometric area of the sensing electrode is 0.710 × 10−3 cm2. The
ounter electrode has also similar shape and its area is 7.7 × 10−3

m2, which is 10.8 times larger than the sensing electrode. The
arger area of the counter electrode prevents oxygen-bubble for-

ation on the counter electrode surface due to OH− oxidation (i.e.,
OH− → 2H2O + O2 + 4e−) that occurs at a high current densities.
he reference electrode is located close to the sensing electrode
o minimize the uncompensated ohmic drop. As shown in Fig. 1b,
he reference electrode is positioned at the center of the concentric
lectrodes. To simplify fabrication and prevent chloride contam-
nation, Ag/AgCl was not used as an on-chip reference electrode.
nstead, a silver electrode (1.96 × 10−5 cm2) was used, since a suf-
ciently stable potential (i.e., 25 mV drift over 10 h) was observed

or a 99.99% silver wire in 0.01 M NaOH electrolyte. However, thin-
lm silver was less stable than silver wire, even though it was
eposited with a high-purity silver source. The reference poten-
ial of the thin-film silver electrode drifted too quickly to be used
i.e., 100 mV drift over minutes). The reason for such rapid drift is
ot understood at this time. To solve the potential-drift issue, silver
as anodized at 0.4 V in 0.01 M NaOH for at least 17 min to form

ilver oxide, which showed greater stability (i.e., 50 mV drift over
h).

A polyimide passivation layer was patterned to improve the
eliability of the sensor chips; a 5-�m-thick low-stress photode-
nable polyimide (PI-2731, HD Microsystem, Parlin, NJ, USA) layer
as deposited and hardened (i.e., spun on at 4000 rpm for 60 s,

nd cured at 350 ◦C for 1 h in a nitrogen-purged oven). Silver
articles, that were formed on the sensing electrode during the
lectrochemical activation process, created a physical and electri-
al bridge to the reference electrode that resulted in a short-circuit
hen there was no polyimide layer. Consequently, erratic responses
ere observed. The 5-�m-tall polyimide wall, covering the cir-

umference of the electrodes, prevented the reference-electrode

hort-circuiting problem. The polyimide layer also fully covered the
lectrical interconnects, and no electrolyte leakage was observed. A
air of 174-�m-wide, 180-�m-deep, and 8.3-mm-long microchan-
els were etched using deep reactive-ion etching (DRIE) after the
ilicon-oxide layer was patterned and etched.

3

t

Fig. 3. Schematic of a fixture enclosing a sensor chip.

.5. A fixture for flow-through analysis

After the sensor chips were first characterized in a glass beaker
ontaining the electrolyte, a special fixture (Fig. 3) was machined
o make the measurement process quick and convenient. The over-
ll size of the fixture including a chip is 3.8 cm × 3.8 cm × 2 cm.
he fixture was machined at the UCLA School of Engineering and
pplied Science R&D shop. The top and bottom portions of the
xture are made of Plexiglas. A rubber sheet (EPDM) is placed
etween the two Plexiglas plates, and has three punched holes:
ne for the microelectrochemical cell (volume � 1.8 �l) and two
or the through holes to the microfluidic channels. These holes are
isually aligned with the sensor chip before assembling the fixture
o that the circular fluidic inlet and outlet on the chip match the
wo through holes and electrodes are situated at the center of the

iddle hole (i.e., microelectrochemical cell). The rubber sheet also
rovides a good fluidic seal. The width of the microchannels is lim-

ted to 174 �m to prevent the microchannels from being clogged
y the rubber sheet above after clamping the chip into the fixture.
hen the microchannel is wider than 190 �M, severe clogging is

bserved.
The Darcy-Weisbach equation [10] for the internal flow in ducts

as used to calculate the pressure drop �P, assuming fully devel-
ped laminar flow through rectangular and circular ducts:

P = �f
L

Dh

(
V2

2

)
(1)

here � is the density of electrolyte, f is the friction factor, L is the
hannel length, Dh is the hydraulic diameter, and V is the velocity
f the electrolyte. The calculated pressure drop along the microflu-
dic channels and vertical through holes (2.1 mm diameter and
0.1 mm long) for 7.76 �L/s flow rate was 3.8 kPa. This flow rate
s high enough to flush the entire flow channels and the electro-
hemical cell in 10 s. The pressure drop across the flow path is low
nough to work with a commercial miniature peristaltic pump (e.g.,
625, Instech Laboratories, Plymouth Meeting, PA, USA) for future
nalysis automation.

. Results
.1. Electrochemistry

The authors have previously published a detailed description of
he electrochemistry of nitrate on silver in 1 M NaOH electrolyte
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itized current data was numerically integrated to calculate the
nitrate reduction charge QNO−

3
.

Fig. 5 illustrates current output and chronocoulometric response
of a sensor chip (chip #53) in 0.01 M NaOH. Vertical lines indi-
D. Kim et al. / Sensors and

8]. Cyclic-voltammetry (CV) on a silver disk electrode, which was
ade with a ground tip of 0.5 mm-diameter silver wire encapsu-

ated in a plastic syringe, indicated that the electrochemical system
howed high activity for nitrate reduction. A well-defined nitrate-
eduction peak, separated from H2O reduction was observed in the
V. The peak current was linear up to 50 mM, and a comparison
f the sensitivity with CV results of other electrochemical systems
howed that a silver electrode in NaOH electrolyte was sufficiently
ensitive for amperometric nitrate determination.

With the electrochemistry established on the macroscopic scale,
e worked to miniaturize the electrochemical cell. The electrodes

n the microsensor are made of the same material but are pro-
uced in a thin-film form. The electrolyte for the microsensor
as also NaOH, but a lower concentration was used, compared

o 1 M NaOH used in the cyclic voltammetry of our previous
tudy. The nitrate-reduction potential (i.e., −1.08 V) is very close
o the hydroxide desorption potential (i.e., −1.0 V) [8]. As a result,
ydroxide desorption contributes substantially to the background
urrent, which ultimately increases the LOD. It is desirable to use
low-concentration electrolyte, because it was observed that the
esorption peak decreased as the electrolyte concentration was
educed. However, the electrolyte concentration should be greater
han the target nitrate concentration (i.e., at least 0.7 mM [2]), oth-
rwise the electromigration of nitrate contributes significantly to
he current detected, which would have the consequence of an ana-
ytical signal that is not linear with concentration. Also, a higher
olution resistance could influence the sensing-electrode potential
ue to an uncompensated ohmic drop. Finally, a microfluidic chan-
el formed in bare silicon by DRIE etching is attacked by highly
oncentrated hydroxide. Given the above considerations, a lower
lectrolyte concentration (i.e., 0.01 M) was used for the microsen-
or.

.2. Electrochemical interference

The interference from 10 ions commonly found in groundwater
i.e., NO−

2 , Cl−, HPO2−
4 /PO3−

4 , SO2−
4 , F−, BO−

2 , CO3
2−, K+, Sr2+, and

a2+) [11] was studied (note: phosphate ion in Na3PO4 + 0.01 M
aOH exists as approximately equal concentration of HPO2−

4 and
O4

3−). Interference of the DPSC technique was quantified using a
.5-mm-diameter silver disk electrode in two ways. First, a calibra-
ion curve (1 �M to 10 mM) for nitrate was obtained by DPSC. Then a
000 �M solution of each ion was measured using the same analyti-
al procedure, and the analytical signal was converted to equivalent
itrate concentration using the nitrate-calibration curves. This test

nforms us how much the proposed sensing scheme mistakenly
easures nitrate when it is absent. The interference was negligible:

ess than 7 �M (equivalent nitrate) for most of the ions. This repre-
ents less than 1% of the allowable nitrate concentration. Even for
O−

2 , a major interfering ion in most nitrate analysis, interference
as minimal (3.9 �M). Next, the 1000 �M nitrate was measured in

he presence of 1000 �M of each interfering ion. This allows the
ffect of each interfering ion on the nitrate analytic signal to be
etermined. Fig. 4 is a bar graph illustrating the second interfer-
nce effect. Interferences were also reasonably small (i.e., less than
0% signal distortion) except HPO2−

4 /PO3−
4 , Ca2+, and Sr2+, where

he change in nitrate-equivalent concentration was more than 20%
8]. This result should be considered when real-world samples are
nalyzed.
.3. Nitrate determination with the sensor chip

Sensor chips were tested for key performance parameters (i.e.,
OD, linear range, and linearity). Nitrate concentrations were mea-
ured by connecting the electrical contacts on the sensor chip to

F
i
c

ig. 4. Measured nitrate concentration in a 1000 �M nitrate solution when an ionic
pecies of the same concentration is present.

he potentiostat (CHI-660B) and performing the DPSC process. Dig-
ig. 5. (a) Current measured after applying double-potential steps to a sensor chip
n blank electrolyte and 1 mM NaNO3 + 0.01 M NaOH solution and (b) the chrono-
oulometric output obtained using DPSC technique.
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noted that the calibration was sufficiently linear (i.e., R is 0.99 in
all the cases except for chip #11). Table 1 summarizes the mea-
sured parameters of the 6 chips. Fig. 6b shows statistical variation
of QNO−

3
at each concentration and a calibration curve that combines

responses of all chips tested except chip #34. The averaged calibra-
22 D. Kim et al. / Sensors and

ate the integration periods needed to calculate Q1 and Q2. As
een in Fig. 5a, the current output to the first potential step (i.e.,
CPT → E1) for a blank electrolyte approached steady-state in 2 s.
fter the second potential step (i.e., E1 → E2) was applied, the cur-
ent increases, then returned to the original amplitude of E1 in less
han 2 s, because there was no nitrate present. A significant increase
n current was observed when 1000 �M nitrate was present for the
econd potential step at E2. One difference between our previous
tudy [8] and this one is that spikes in the current output, which
ere much larger than random noise, were observed for the thin-
lm silver sensing electrode in 1000 �M nitrate solution. Inspection
hrough a microscope revealed that silver was gradually lost as the
PSC repeated, and we speculate that such corrosion (i.e., rapid
hange in surface area) caused the current spikes.

Fig. 5b shows chronocoulometric signal for the blank electrolyte
nd nitrate solution. As opposed to the current output, charge grows
s a function of time. Also, noise and spikes in the current output
Fig. 5a) are not observed in Fig. 5b, so uncertainty in measurement
s reduced. This agrees with the SNR analysis of the previous study
8]. For the blank electrolyte, Q1 and Q2 are similar, so charge due
o oxygen reduction is removed in QNO−

3
by subtracting Q1 from

2. Similarly, the oxygen background for the case where nitrate is
resent is also removed. The value of Q2 for 1 mM nitrate solution
rows much faster than one for the blank electrolyte, indicating
ncrease of QNO−

3
in proportion to nitrate concentration. The value

f Q1 for the nitrate solution is slightly bigger than the blank elec-
rolyte although the same oxygen is reduced at E1. This is because
urrent due to random spikes are added to integration in addition
o oxygen reduction current.

We speculate that evaporated thin-film silver is not electro-
hemically identical to the bulk silver used in silver wire (e.g.,
ore susceptible to electrochemical corrosion). The fact that a

evere potential drift was observed for the thin-film silver refer-
nce electrode when not anodized but such drift was not observed
or macroscale silver wire, may support this argument. Regardless,
he performance of the DPSC technique was not affected; calibra-
ion curves obtained using the thin-film silver ring electrode and
he macroscopic silver disk electrode showed the similar charac-
eristics (e.g., linearity, and linear range).

To examine sensor performance, successfully microfabricated
hips were tested and calibration curves were obtained. In order
o obtain calibration curves, QNO−

3
was successively obtained with

ncreasing nitrate concentration by the standard addition method
i.e., 1, 2, 5, 10, 20, 50, 100, 200, 500, and 1000 �M, and 2, 5,
nd 10 mM) using the DPSC technique. An on-chip silver-oxide
eference electrode was used for all 6 chips. The reference poten-
ial of the thin-film silver-oxide electrode slowly drifts with time,
nd the potential lies between 0.188 and 0.215 V after oxide for-
ation. The potential of a thin-film silver-oxide electrode was
easured with a commercial Ag/AgCl reference electrode (i.e.,

E-5B) before each experiment to ensure the proper reference
otential.

A calibration curve is expressed as y = a0x + a1, where y repre-
ents the measured QNO−

3
, x is the concentration of nitrate standard,

0 is the slope and a1 is the intercept. The sensitivity S is given by
o S = a0 (unit: �M/C). The detection limit XDL for analytic signal is
efined as:

DL = X̄b + z�b (2)
here X̄b is the mean of QNO−
3

at zero nitrate concentration, �b is

he standard deviation, and z is the predetermined confidence level.
OD is expressed in concentration CDL = (XDL − X̄b)/s. CDL is com-
only calculated with predetermined confidence level z = 3 [12].

F
w

ors B 135 (2009) 618–624

hen calculating the LOD for sensor chips, it was not practical to
btain a true standard deviation �b in Eq. (2) because of the num-
er of blank measurements had to be limited due to the relatively
hort electrode lifetime (15–25 measurements). We estimated �b
ith a sample standard deviation Sb and replaced z with a t-value

rom the Student’s-t distribution, so that the detection limit was
DL = X̄b + tSb [13]. Sb was calculated with t = 2.776 for a 97.5%
onfidence level and 4 degrees of freedom. The limit of detection
n terms of concentration (CDL) varied from die to die and ranged
rom 4 to 75 �M.

Fig. 6a shows the calibration curves of a chip (i.e., chip #41)
hat has a on-chip silver-oxide reference electrode. As observed in
he previous silver-disk electrode experiments [8], the slope of the
alibration curve for each of the chips was different over two con-
entration ranges. In this study, the linear range (i.e., the solid line)
s defined from the LOD to the concentration at which the slope
hanges. (i.e., upper limit of linearity). For example, the linear range
f chip #41 was from 42 �M to 2 mM. The chip was also linear from
to 10 mM, but with a different slope. The upper limit of linearity

aried from chip to chip between 500 and 2000 �M. It was also
2

ig. 6. Calibration curves for: (a) sensor chip #41 and (b) 5 sensor chips. All curves
ere obtained while using on-chip thin-film silver-oxide reference electrodes.
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Table 1
Characterization of sensor chips tested with an on-chip silver-oxide reference
electrode.

Chip Calibration curves (y =) Upper limit of
linearity (�M)

LOD (�M) Linearity (R2)

11 1.31 × 10−9x + 1.16 × 10−8 1000 74.79 0.960
34 5.30 × 10−8x − 3.07 × 10−7 500 27.80 0.996
41 1.77 × 10−9x + 4.77 × 10−8 2000 46.64 0.999
5
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3 1.44 × 10−9x + 1.14 × 10−8 500 18.08 0.996
5 1.73 × 10−9x + 4.60 × 10−7 2000 42.07 0.992
5 1.66 × 10−9x + 2.26 × 10−8 1000 3.96 0.997

ion was linear up to 1000 �M. From this figure, even though each
hip responds differently at a given nitrate concentration, but the
hip-to-chip variation is relatively small (i.e., R2 = 0.93). As seen in
able 1, the sensitivity of chip #34 is 30 times greater than the other
hips, and it is speculated that this is due to a manufacturing defect
f the chip. One possible defect is that bad adhesion of polyimide
rotection layer results in the exposure of silver underneath the
olyimide. During the microfabrication process, it was found that
major reason for low yield is bad adhesion of the polyimide layer.
n exposed interconnect to the sensing electrode would result in
n unexpectedly large surface area for the electrochemical reaction
ecause the interconnect is also made of silver, which is the sensing
lectrode material.

The limited stability of thin-film electrodes was an issue in
sing these sensor chips. The sensing electrode degraded gradu-
lly because of the electrochemical activation process. We observed
hat when fast potential scans were applied as a part of the activa-
ion, the cyclic voltammogram shifted negatively or positively, little
y little, as the number of cycles increased. We speculate that the
hift observed in CV curves is due to a drift in the reference potential
f the silver-oxide electrode. Scanning the potential either too neg-
tively or too positively can create excessive oxidation or reduction
f the thin-film silver sensing electrode, which ultimately damages
he sensing electrode. Therefore, in order to study the effect of an
nstable reference potential, 2 sensor chips (i.e, #12 and #76) were
ested using the commercial Ag/AgCl reference electrode. The CV
urves in the activation process looked normal without shift. It was
bserved that these 2 chips had better performance than the 6 chips
ested with the thin-film silver-oxide reference electrode. The DPSC
easurements of nitrate from 0 to 5 mM resulted in similar LODs
ut greater linear ranges (i.e., 12.57 �M to 5 mM for the chip #12
nd 76.90 �M to 5 mM for the chip #76) as shown in Fig. 7. Also,
longer lifetime was observed for the 2 chips tested with a com-

ig. 7. A calibration curve for a nitrate-sensor chip tested with a commercial macro-
copic Ag/AgCl reference electrode.
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ercial macroscopic reference electrode, than for the 6 chips tested
ith the on-chip silver-oxide reference electrode. These 2 chips did
ot fail after 60 measurements. The linearity was as good as that
bserved with the other 6 chips tested with microscopic reference
lectrodes (i.e., R2 = 0.99). Based on this comparison, we speculate
hat the performance of the sensor chip would be improved with
more stable reference electrode in terms of lifetime and linear

ange. In summary, the characterization of sensors tested with on-
hip microscale silver-oxide reference electrodes is: (1) the LOD is
–75 �M, (2) the upper limit of linearity is 500–2000 �M, and (3)
he linearity is 0.99.

A sensor chip was also tested in the fixture (Fig. 3). The reference
otential of the silver-oxide electrode was monitored before clamp-

ng the chip in the fixture. A 100-�M nitrate sample of was injected
nto the electrochemical cell of the fixture with a syringe. The mea-
ured analytic signal confirmed that the chip operated properly in
flow-through-type system.

. Conclusions and discussion

A small-form-factor electrochemical nitrate sensor was micro-
abricated and thoroughly characterized by calibration curves
enerated with a DPSC technique in a simple electrochemical sys-
em (i.e., silver sensing electrode, sliver-oxide reference electrode,
nd platinum counter electrode in 0.01 M NaOH). Interference
rom ions commonly found in groundwater was minimal except
or HPO2−

4 /PO3−
4 , Ca2+, and Sr2+. The prototype microfabricated

ensor demonstrates the feasibility of using it for nitrate detec-
ion because of its low LOD (4–75 �M), broad linear range (2–3
rders of magnitude), and high linearity (R2 = 0.99). The dynamic
ange can be extended to 4 orders of magnitude if the second
inear portion of the calibration curves is also used. The custom-

ade fixture would allow the sensor to operate as a flow-through
icro-analysis system because of its small cell volume (1.8 �L)

nd integrated microfluidic channels. The size of the sensor chip
ould be reduced so that the entire sensor could be smaller than
hose made here, because 73% of the area on the chip is not
sed. The analytical throughput will be relatively high because
he DPSC process takes only about 2 min. A micropotentiostat
14] and low-power miniature pumps and valves could facilitate
ssembly of the nitrate-sensing system into a small package. Such
nitrate-sensing system could operate autonomously and wire-

essly in sensor networks, if used with a wireless embedded-system
latform. However, the limited stability of the sensor, which is
rimarily due to the unstable potential of the on-chip thin-film
ilver-oxide reference electrode, should be addressed. The thin-film
ensing electrode could not survive the electrochemical activation
rocess in the long term, because repetitive oxidation and reduc-
ion gradually dissolved the silver. An unstable potential will further
xacerbate the silver-dissolution problem. A thick-film silver sens-
ng electrode (e.g., electroplating or screen printing) could increase
he lifetime. A possible solution to the unstable reference potential
f silver-oxide electrode is to use a polymer-coated silver-chloride
eference electrode, since we observed that a polyurethane-coated
hloridized silver wire showed an improved stability (e.g., 3 mV
rift in 27 h). A mercury–mercury oxide(II) reference electrode
lso could be a solution because of its stable potential in alka-
ine media [15]. Mercury has been integrated on microfabricated
evices by electroplating, droplet generation by pressure, or man-
al pipetting. For example, mercury hemispheres were created by

lectroplating on metal electrodes for anodic stripping voltamme-
ry [16]. For a Hg/HgO reference electrode HgO must be deposited
n Hg, which is traditionally accomplished by adding a slurry of
gO powder and Hg. This HgO desposition could be challeng-

ng for mass microfabrication. In addition, containing a mercury
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roplet stably at a fixed location would require very thick wall
17].
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