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This letter presents a microelectrode cell dedicated to direct assessment of the solid–liquid

interface noise without recourse to a reference electrode. In the present design, two identical TiN

electrodes of various sizes are used for differential measurements in KCl-based electrolytes.

Measured noise of the TiNjelectrolyte system is found to be of thermal nature. Scaling inversely

with electrode area, the noise is concluded to mainly arise from the solid–liquid interface. This

noise is comparable to or larger than that of the state-of-the-art MOSFETs. Therefore, its influence

cannot be overlooked for the design of future ion sensors. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4946857]

The state-of-the-art of ion sensitive field-effect transistor

(ISFET) technology1 can be well represented by its success-

ful applications in semiconductor genome sequencing2 and

quantitative polymerase chain reaction (qPCR).3 An ISFET

system comprises three elements: the FET itself, sampling

electrolyte, and electrical double layer (EDL) at the solid–

liquid interface.4 Sensing by an ISFET is achieved via moni-

toring the change in EDL potential, DuDL, caused by surface

binding of specific ions available in the electrolyte to the

sensing electrode (mostly an oxide layer). DuDL in its turn

induces a change in source-drain current of the FET. This

field effect will, by definition, also transfer the noise gener-

ated in the electrolyte as well as in the EDL to the output end

along with the signal. Such noise is intrinsic per se for an

ISFET system, precisely as the noise due to channel conduct-

ance fluctuation in the FET itself.5 Any attempt for signal

amplification such as that with the integration of a local low-

noise bipolar transistor next to an ISFET6 will also inevitably

amplify the various intrinsic noise components.

The noise of the ISFET system has received extensive

treatments both theoretically7–9 and experimentally.10–14

While noise from the FET can be understood from the

well-established theory and practice for a corresponding

MOSFET,5 noise generated in the electrolyte as well as in

the EDL in the ISFET context is much less characterized.

In some simulation studies,8,9 the former (i.e., liquid noise)

is considered the main contributor in the form of thermal

noise due to the Brownian motion of ions in the electrolyte,

and the latter (i.e., EDL noise) is often assumed negligible.

In view of great similarities between random ion adsorp-

tion/desorption in the EDL leading to fluctuations in DuDL

and random charge trapping/de-trapping at the oxidejSi

interface leading to fluctuations in channel conductance of

the FET,5 it is of importance scientifically and technologi-

cally to quantify the EDL noise. We have, therefore,

fabricated a dedicated microelectrode cell to specifically

investigate the noise components associated with the liquid.

As shown in Fig. 1, a TiN microelectrode is used in this

study. Our choice of TiN exploits the inevitable formation

of a native TiOx layer that has an ideal Nernstian response

with 59 mV/pH at room temperature.15 Two identical wings

are designed in the microelectrode cell in order to facilitate

a direct assessment of the voltage noise via differential

measurements. The measured voltage noise clearly shows a

1/area dependence, which indicates the dominance of the

EDL noise in our system. This EDL noise is further found

to be larger than the FET noise of the state-of-the-art

MOSFET technologies.16–18

The microelectrode cell schematically shown in Fig. 1

was fabricated using standard Si technology. First, a 100-nm

thick TiN layer was sputter-deposited on a Si wafer covered

with a 500-nm thick thermally grown insulating SiO2 layer.

This was followed by photolithography in combination with

reactive ion etching to define the microelectrode. Then, cir-

cular openings in SU8 2002 resist were patterned using

photolithography to expose the TiN surface to the sampling

electrolyte. The diameter of the openings varied from

FIG. 1. Schematic cross section of our electrode cell and the potentiometric

noise measurement setup for noise characterization in liquid.
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100 lm to 1000 lm, with the SU8 resist to passivate the rest

of the cell. During noise measurement, the TiN electrodes

were electrically bridged by the electrolyte. The SU8 open-

ings, inspected by scanning electron microscopy, were

confined within the patterned TiN area, thereby ensuring ex-

posure of only the TiN surface to the electrolyte. The surface

of the TiN electrodes was free from SU8 contamination

within the detection limit of Raman spectroscopy.

The differential measurement setup is also schematically

shown in Fig. 1. The measurement loop comprises two TiN

electrodes and a KCl (Merck) aqueous solution as the sam-

pling electrolyte. The KCl solution was chosen because it is a

common standard ionic solution. We used various KCl con-

centrations from 1 mM to 1 M at two pH values 6 and 2. For a

given pH value, equal amount of DC EDL potentials uDL

would build up at the two identical TiNjTiOxjKCl interfaces.

As they were face-to-face in the measurement loop, their DC

components (uDL) would cancel out with each other. In con-

trast, two identical AC voltage noise sources, vn, would be in

series and independent of each other, as indicated in the sche-

matics. The total measured noise power would, then, be a

summation of the contributions from the bulk electrolyte and

the two EDLs. To measure the voltage noise, a custom pream-

plifier with a 0.1 Hz–1 kHz bandpass filter and a gain of 10 k

were constructed using OPA140 operational amplifiers, and

the signal was digitized using a Keysight U2351a multifunc-

tion data acquisition device. The electrical potential variation

between the two electrodes was sampled at 10 kHz, and 4 mil-

lion data points were used to generate a voltage noise power

spectral density (PSD) spectrum, Spot
V . The noise PSD was di-

vided by 2 so as to normalize it to a single electrode.

In addition, the sample was characterized by electrochem-

ical impedance spectroscopy (EIS) using a Bio-Logic VSP-

300 potentiostat. The EIS spectrum was measured at 10 mV

root-mean-square AC from 100 mHz to 1 MHz. The measure-

ment data were averaged over 30 cycles for each frequency

point. The Johnson–Nyquist (J–N) noise was calculated from

the real part of the impedance using Simp
V ¼ 4kTRe½Zðf Þ�,

where k is the Boltzmann constant, T is the temperature in

Kelvin, Zðf Þ is impedance, and f is frequency, and it was also

divided by 2 to normalize it to a single electrode.

We first analyzed the voltage noise on the TiN electrodes

in 1 M KCl. Spot
V and Simp

V are shown in Fig. 2(a) as a function

of f for different TiN electrode areas. For the largest area in

our design with a diameter of 1000 lm, the lowest values of

Spot
V are equal to the floor noise, Sfloor

V of the amplifier, for

f > 50 Hz. By taking Sfloor
V into account, an excellent agree-

ment between Spot
V and Simp

V in the entire measurement fre-

quency range for all electrode areas is found. This verifies the

absence of any major noise component other than J-N noise.19

In log-log scale, Simp
V is observed to be linearly depend-

ent on f with a slope –c for all TiN electrode areas

displayed. The low-frequency behavior of an EDL can be

described using a phenomenological equivalent circuit com-

ponent referred to as the constant phase element (CPE),20

with Zðf Þ ¼ 1=Qðif Þc, where i is the imaginary unit and Q is

a CPE parameter. The frequency dependency of Simp
V on f

follows then a 1=f c relation, based on the relation

Sv ¼ 4kTRe½Zðf Þ�. Here, we obtain c ¼ 0:77 by linear fitting

in Fig. 2(a).

The dependency of SV on electrode area, A, at sev-

eral frequencies is shown in Fig. 2(b). The measured

noise SV scales inversely with A and has a unity slope in

the log-log scale. In contrast, the bulk resistance of the

electrolyte, Rb, can be approximated by its spreading re-

sistance as Rb / K=
ffiffiffi

A
p

,8 with K as the resistivity of the

liquid bulk. The thermal noise generated by the bulk liq-

uid should then scale with 1=
ffiffiffi

A
p

. For our samples, the

EDL impedance is much larger than Rb for all but the

largest area at the highest frequency. This is supported

by the results in Fig. 2(b) that show a 1=A dependency

over most of the range.

Finally, the area-normalized SV of the 300 lm diameter

TiN electrode is compared in Fig. 3 with the area-normalized

FIG. 2. (a) Spot
V and Simp

V vs. f for several electrode areas. (b) Sv vs. A at dif-

ferent frequencies. The data were extracted from Simp
V .

FIG. 3. Comparison of area-normalized solid-liquid noise with input-

referred noise of state-of-the-art MOSFETs at 1 and 10 Hz.
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input-referred noise of several state-of-the-art MOSFETs.16–18

The comparison is made at 1 Hz and 10 Hz, and includes

different combinations of KCl concentration and pH value

for the TiN electrode. It is apparent that the EDL noise

is comparable or even higher than that of the reported

advanced MOSFETs and cannot be neglected. Additionally,

when the KCl concentration was reduced from 1 M to 1 mM

at pH¼ 6 with a negligible proton concentration, the observed

change in SV was too small to associate to an increase in

Rb by about three orders of magnitude. This further

confirms the minor role of the noise generated in the electro-

lyte bulk.

In contrast to the assumptions of others,8,9 the real part

of the measured sample impedance is much larger than the

liquid impedance. We speculate that this is due to a rate

limiting interfacial interaction or diffusion process at the

liquid–solid boundary. It is striking and has also been docu-

mented in the literature19 that the voltage noise too closely

follows the J-N formula. We believe that this is due to the

fact that our system, measured under conditions of negligible

current flow, is close to thermal equilibrium. Since the noise

frequency dispersion is close to 1/f, we may infer that even

1/f noise obeys the J-N relation for systems close to thermal

equilibrium. Another ubiquitous feature of these systems is

the existence of the CPE with a phase between �p/4 and

�p/2. No physical electrical network can give this relation-

ship, but it could be approximated by a non-uniform distrib-

uted network. Elucidation of the physics behind the CPE is a

subject of further study.

We have demonstrated a methodology for direct assess-

ment of the solid–liquid interface noise. It builds on a cell

design with two identical face-to-face electrodes that can

facilitate differential measurements. The demonstration uses

TiN electrodes and KCl-based electrolytes. The directly

measured voltage noise is found to agree excellently with

the thermal noise obtained using impedance measurement,

which indicates the thermal nature of the measured noise.

The observed 1/area dependency of the measured noise

reveals that the noise generated in the electrolyte bulk is neg-

ligible in comparison with that originates from the solid–

liquid interface even for a high-conductivity electrolyte with

1 M KCl. The measured solid–liquid interface noise is com-

parable or higher than the input-referred noise of the state-

of-the-art MOSFETs. Therefore, the solid–liquid interface

noise should be taken into consideration for the design of

future ISFETs.
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