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ABSTRACT: Low-frequency noise (LFN) is of significant implications in ion sensing. As a 

primary component of LFN for ion sensing in electrolytes, the solid/liquid interfacial noise 

remains poorly explored especially regarding its relation to the surface binding/de-binding 

dynamic properties. Here, we employ impedance spectroscopy to systematically characterize this 

specific noise component for its correlation to the dynamic properties of surface protonation (i.e., 

hydrogen binding) and deprotonation (i.e., hydrogen de-binding) processes. This correlation is 

facilitated by applying our recently developed interfacial impedance model to ultrathin TiO2 

layers grown by means of atomic layer deposition (ALD) on a TiN metallic electrode. With an 

excellent fitting of the measured noise power density spectra by the model for the studied TiO2 

layers, we are able to extract several characteristic dynamic parameters for the TiO2 sensing 

surface. The observed increase of noise with TiO2 ALD cycles can be well accounted for with an 

increased average binding site density. This study provides insights into how detailed surface 

properties may affect the noise performance of an ion sensor operating in electrolytes. 
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The dominant contributor to the noise in ion-/bio- sensing sensors is known to prevail in the 

low-frequency regime1–4. As such, low-frequency noise (LFN) is the primary cause responsible 

for limiting the resolution in sensing applications. Ion sensitive field-effect transistor (ISFET) 

technology finds a vast variety of applications in chemistry and biomedicine5–7, and the LFN 

behavior of an ISFET has received extensive in-depth investigations2–4,8–24. On one hand, it has 

been shown that the LFN of the various forms of ISFETs investigated can originate from the 

solid-state part of the devices, in particular their conducting channel2,8,10–12,17,20,22 or surrounding 

dielectric layers19,21. On the other hand, there is evidence showing the ISFET LFN to be a result 

of the adsorption/desorption events occurring at the sensing surface of the devices3,4,16,18,23. Our 

previous work16 concludes from experimental viewpoint that the LFN originating from the 

solid/liquid interface is of thermal nature and its amplitude is comparable with that from the 

semiconductor/oxide interface. 

Based on our recently developed interfacial impedance model25 that incorporates the standard 

site-binding model26, we have confirmed that the interfacial noise is directly linked to the 

dynamic nature of the binding/de-binding reactions of surface hydrogen ions (H+). The present 

work is aimed at elucidating the correlation of the interfacial LFN to the surface dynamic 

properties, i.e. reaction rate constants and binding site density. This is carried out by applying 

our model to ultrathin TiO2 layers grown by means of atomic layer deposition (ALD). By 

varying the thickness of the resulting TiO2 layers via designing the number of deposition cycles, 

we are able to identify how the dynamic properties are affected by subtle changes in the structure 

and morphology of the sensing surface.   

RRESULTS AND DISCUSSION 

Noise modeling25  
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On the basis of the site-binding model27, charging of an oxide surface in contact with an 

electrolyte is ascribed to the H+ adsorption on/desorption from the surface hydroxyl (OH) groups. 

The latter form the binding sites for negatively/positively charged adsorbates. The relevant 

processes are described by the following reversible reactions: 

M–OH↔M–O H   (1a) 

M–OH ↔M–OH H   (1b) 

where, M-O , 2M-OH , M-OH , and SH  denote deprotonated, protonated, uncharged surface OH 

group, and surface H+. In our recent work25, we have demonstrated an impedance model that 

incorporates thermodynamic and kinetic properties associated with the H+ adsorption/desorption 

processes represented by reactions 1a and 1b. The kinetic rate equations for the two reactions are 

given as 

 -
A S A

d[M-OH]
[M-O ] [M-OH] ,

d
c a r

t
   (2a)

 +
+2

B S B 2

d[M-OH ]
[M-OH] [M-OH ] 

d
c a r

t
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In this model, the kinetic barrier Ec of the binding reactions, which is inevitably modulated by 

the electrostatic force from adjacent charged sites28, can vary from site to site. Therefore, the 

binding site density SN  is assumed to be distributed and to follow a normal distribution in Ec as 

the following: 

2
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22π
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N E E
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 (3) 

where, c  is the standard deviation of the distribution, and 0cE  the energy center for cE . The H+ 

adsorption rate constants Ac  and Bc  for the reversed reactions (from right to left) in 1a and 1b 

follow the Arrhenius form:  
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where, k is the Boltzmann constant, T the temperature in Kelvin, A0c  and B0c  the values of Ac  

and Bc  at Ec0. In the context of electrochemical impedance spectroscopy (EIS), the binding sties 

contribute to the impedance by summing up their admittance that is in parallel with the surface in 

its equivalent circuit. For a set of SS( )N E , A ( )c E  and B( )c E , the Ec-distributed site-binding 

admittance, denoted as SB ( )y E , can be solved as:25 
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where, AK  and BK  are the equilibrium constants for 1a and 1b, respectively, Sa  the SH  activity, 

s j  with j as the imaginary unit and ω angular frequency, 2
1 A B B S SD K K K a a   , and 

2
2 A B A S S4D K K K a a    . The site-binding impedance SBz , i.e. the reciprocal of SBy  in eq 5, can 

be decomposed to a sum of first-order partial fractions25: 

 p
SB s

SB buff p

1 1

1

R
z R

y sC s
   


 (6) 

where, buffC  is the buffer capacitance, pR  and sR  the effective resistive component respectively 

associated with reaction 1a and 1b, and p  the time constant associated with the reactions. The 

expressions of these intermediate parameters are detailed in Supporting Information (SI). Eq 6 

can be described using the marked equivalent circuit depicted in Figure 1a. The total site-binding 

admittance YSB for all the sites should be the integral of SB( )cy E  over the whole energy range, i.e. 

SB SB( )dc cY y E E   as represented in its discrete form in the figure.  
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The capacitance of the electrical double layer (EDL) DLC , also illustrated in Figure 1a, is in 

parallel with the SBY  network29. Therefore, the total electrochemical impedance for the 

oxide/liquid interface, denoted by intZ , can be expressed as: 

int
DL SB

1
Z

sC Y



 (7) 

Because the potentiometric LFN correlates excellently to the real part of its electrochemical 

impedance spectrum16, the real part of the impedance can, thus, represent the LFN originating 

from the oxide/electrolyte interface. It is calculated by, 

n
V int4 Re( )S kT Z  (8) 

where, n
VS  denote the voltage noise power spectrum. 

Experimental 

For electrode fabrication, a 100-nm thick Ti layer was first sputter-deposited on a glass wafer. 

This was followed by the sputter-deposition of a 40-nm thick TiN layer. For sensing surface, 

ultrathin ALD TiO2 layers of three different thicknesses were prepared at 200 °C with TiCl4 and 

H2O as the reaction precursors for 20, 40, and 60 cycles. Transmission electron microscopy 

(TEM) was used to inspect the detailed structure of the layered stacks. On each sample, a circular 

liquid reservoir of 10 mm diameter was defined using epoxy.  

To evaluate the TiO2 as a sensing surface, the pH sensitivity, HpS , defined as the variation of 

surface electrical potential, S , per unit pH change, was measured using a Bio-Logic VSP-300 

potentiostat via a three-electrode setup, as depicted in Figure 1b. An Ag/AgCl/3 M NaCl 

reference electrode (RE) and a Pt wire electrode as the counter electrode were submerged in the 

buffer solution (Merck Titrisol) with pH value ranging from 4 to 10. The measured HpS  for the 

three samples are listed in Table 1. The EIS measurement was performed with the same 
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measurement setup. The impedance spectrum was measured at 10 mV root-mean-square (RMS) 

AC from 100 mHz to 1 MHz. The measurement data was averaged over 30 cycles for each 

frequency point. The sampling pH was 5, 7, and 9 for the EIS measurement. 

 

Figure 1. (a) Equivalent circuit of the oxide/electrolyte interfacial impedance, with the 

distributed SBY  in its discrete representation. (b) Schematics of the electrode cell and the EIS 

measurement setup. 

TABLE 1. Parameters for modeling the noise of the three processed samples. 

parameter 20 cycle 40 cycle 60 cycle 

 pH5 pH7 pH9 pH5 pH7 pH9 pH5 pH7 pH9 
1NS, 1018 m-2 10.1 10.0 9.9 9.0 9.0 8.7 6.9 7.0 5.7 

1CDL, Fm-2 0.26 0.26 0.27 0.26 0.26 0.27 0.26 0.26 0.24 
2cA0, M

-1s-2 1.9×10
-2

7.8×10
-3

 4.8×10
-1

8.2×10
-1

78.8 2.0×10
2
 2.2×10

4
 7.5×10

3
 1.7×10

4
 

2cB0, M
-1s-2 5.9×10

-26
1.3×10

-14
 6.4×10

-19
2.6×10

-2
2.4×10

-4
8.7×10

-6
2.2×10

1
 1.6×10

2
 2.9×10

2
 

2σc, eV 0.337 0.327 0.318 0.231 0.179 0.182 0.121 0.116 0.114 
3pKA, -log10(KA)  7.7   7.7   7.7  
3pKB, -log10(KB)  4.7   4.7   4.7  

4SpH, mV/pH  55.4   55   53.9  
1Calculated via SpH (see SI).  2Fitting.  3Reported30,31.  4Measured 
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Model analysis  

A. Evaluation of the modeling parameters 

With the aid of the HpS  measurement, the values of Sa , DLC  and SN  were obtained by solving 

by the relevant equations in the classic site-binding model 26, which is detailed in SI. As seen in 

our recent work25, AK  and BK  of TiO2 tend to be invariable. They can be assigned with well-

established reported values, as listed in Table 1 in their logarithm form, i.e. 

A A B BK log( ) and K log( )p K p K    . With Sa , SN  and DLC  as modeling input, the kinetic 

parameters A0c  and B0c  as well as c  in eqs 3 and  4 were determined by numerically fitting the 

real part of eq 5, i.e. Re(Zint), to that of the measured impedance. The real part of the measured 

impedance also includes the electrolyte series resistance, and it was subtracted from the 

measured data in our fitting procedure. As the capacitance of the TiO2 layer that is in series with 

the interfacial components is assumed to be pure capacitive, it does not contribute to the real part 

of the impedance. The measured n
VS  (from the real part of the impedance) for all the samples is 

excellently fitted by the theoretical n
VS , calculated via eq 6, in the frequency interval 0.1-10 Hz. 

The values of the modeling parameters are also given in Table. 1. In what follows for noise 

analysis, we will focus on pH=7, with an excellent fitting detailed in Figure 2.   
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Figure 2. Comparison between simulated noise spectrum density (depicted as solid lines) and the 

experimental data calculated from the real part of the measured impedance (depicted as triangels). 

Black, red and blue represent 20, 40 and 60 cycle samples, respectively. 

B. Noise dependence on the site-binding admittance SBY   

The interfacial LFN, in terms of the interfacial impedance, comprises concurrent contributions 

from DLC  and SBY , as indicated in eq 7; DLC , as a pure capacitive component at these 

frequencies32, is not related to the dynamic nature of the binding reactions, while SBY  directly 

results from these dynamic processes. It is, thus, only SBY  that can reflect the correlation of the 

surface dynamics to the noise. For noise study, investigation of the real component of  SBY  is 

relevant because the interfacial noise, as expressed by eq 6, is linked to SBRe( )Y  via the 

following expression: 

int int SB2 2

int int

1 1
Re( ) Re( ) Re( )Z Y Y

Y Y
   (9) 
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where, the second equation is based on Re(Yint)=Re(YSB), as illustrated in the equivalent circuit in 

Figure 1a. Specifically, the sample-dependent trend of SBRe( )Y  extracted from the measurement, 

as depicted in Figure 3a, becomes the benchmark to which the trend of SBRe( )Y  calculated with 

the sample-dependent dynamic properties will be compared, as will be discussed momentarily. 

 

Figure 3. (a) SBRe( )Y  extracted from the EIS measurement at three different frequencies for the 

samples. (b) Dependence of intRe( )Z  on SBRe( )Y  extracted from the EIS measurement at the same 

frequencies for all the samples. The dependence of intRe( )Z  on SBRe( )Y  by omitting SBIm( )Y  is 

also depicted as solid curves. 

The dependence of intRe( )Z  on SBRe( )Y  extracted from the EIS measurement, as represented 

with the colored squares in Figure 3b, can be analyzed semi-quantitatively by removing SBIm( )Y  

from the intZ  network (see the inset for the equivalent circuit). As the solid curves show in 

Figure 3b for all three frequencies, intRe( )Z  linearly increases with SBRe( )Y  when SBRe( )Y  is 

below the susceptance of DLC at a specified frequency, i.e. DLC . This predicted trend is followed 

well by the observed int SBRe( ) Re( )Z Y  relation, as shown in the figure. However, the trend 
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reverses from linearly increasing to decreasing in the log-log scale once SBRe( )Y  goes beyond 

DLC . Therefore, the dependence of LFN on SBRe( )Y  is primarily determined by the relative size 

of DLC  to SBRe( )Y  at a given frequency.  

C. Average of the distributed properties 

As discussed in section 2, SN , Ac  and Bc  are all dependent on cE . At a given frequency, as 

discussed in our recent work25, only a fraction of the sites having an appropriate Ac  and Bc  can 

contribute to intZ , and thus the noise. It is practical to define representative values for such Ec-

distributed properties for the whole surface in order to facilitate the analysis of the noise 

behavior. This can be achieved by calculating the weighted average 

0 SB

0

SB

( ) Re ( ) d

Re ( ) d

c c c c

c c

c c

E E y E E
E E

y E E

    
  




 with  SBRe ( )cy E  as the weighting factor owing to its 

physical role in determining the noise properties. In Figure 4, the dependence of SBRe ( )cy E    on 

cE  is depicted at (a) 1 Hz and (b) 10 Hz. Only the sites with SS ( )cN E , and thus the 

corresponding A( )cc E  and B( )cc E , within narrow ranges around the peaks of SB ( )y E  contribute 

effectively. For simplicity, their average SS( )cN E , A( )cc E  and B( )cc E , i.e. SSN , Ac  and 

Bc , are defined by the following: 

0 0
A A0 B B0exp ,   expc c c cE E E E

c c c c
kT kT

 
   (10a) 

2

0S
SS 2

EE

exp
22π

c cE EN
N




   (10b)

The averaged SB( )cy E , SBy , can then be represented as well by substituting SS( )cN E , A( )cc E  

and B( )cc E  in eq 5 with their average values calculated with eqs 10a and 10b.  
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Figure 4. SBRe( )y  dependent on the reaction energy barreir cE  at (a) 1 Hz and (b) 10 Hz for the 

samples.  

Results and discussion 

In Figure 5a, Ac  and Bc  are depicted in order of ALD cycles at three different frequencies, 

0.1, 1, and 10 Hz. As seen, both Ac  and Bc  are dependent on f; at a given f, Ac  is almost 

identical for all samples independent of the number of deposition cycles, but Bc  increases by 

10 orders of magnitude as the ALD process increases from 20 to 60 cycles. To elucidate this, the 

schematic frequency response of the real part of a single branch SBy  is plotted in Figure 5b, 

where SBRe( )Y , as the envelope of several SBy  branches, is also plotted. It is seen that each 
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branch contributes to SBRe( )Y  mainly near its corner frequency fc, which corresponds to the 

admittance contribution within a narrow cE  range at a certain frequency, as shown in Figure 4. 

Therefore, at a given measurement frequency fM, only the branches that have fc close to fM will 

contribute to SBRe( )Y . The relationship between fc and the surface properties was found to be 

S A ( )

2
c

c

a c E
f


  for any branch (see SI). At a specified fM, Ac  can be estimated with: 

A
S

2
Mc f

a


  (11) 

Since Sa  is kept constant by a large Cbuff for similar surfaces at the same pH, Ac  estimated via 

eq 11 will be determined mainly by fM and is not expected to vary much from sample to sample. 

Eq 11 also clearly indicates that at low fM, the sites with low Ac  (high kinetic barrier Ec) 

contribute dominantly to SBRe( )Y  and thus LFN, while those with high Ac  (low Ec) contribute 

only at higher fM. However, since SBY  is in parallel with DLC , the contribution from the sites with 

low Ec to the noise will be shorted by DLC  at high frequencies. Since fc is observed to be 

independent of Bc , it becomes apparent that the –O- sites, rather than the neutral –OH sites, 

determine the surface dynamics and thus the noise, as a result of the much larger reaction rate of 

the –O- sites than that of the –OH sites. At a given fM, the –OH sites behave as if they “freeze out” 

compared to the –O- sites. By substituting Ac  and Bc  for each samples in eq 5, SBRe[ ]y , 

normalized with 
2

SS ( )q N E

kT
, is depicted in Figure 5c at the three frequencies. As seen, the 

increment of the normalized SBRe[ ]y  at a given frequency is less than a factor of 2 from 20 to 

60 growth cycles, which is the direct result of the invariability of Ac  and thus distinctly differs 

from the observed trend of SBRe( )Y  in Figure 3a.  
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Figure 5. (a) Sample-dependent Ac  and Bc  at three different frequencies. (b) Schematic 

frequency responses of SBRe( )y  and SBRe( )Y . (c) NSS-normalized SBRe[ ]y  in order of the 

samples at the three different frequencies. 

To investigate the influence of SSN  on LFN, SSN  was first calculated via eq 10b and 

depicted for the three samples in Figure 6a at the three frequencies. SSN  is found to increase 

with the cycle number from 20 to 60 cycles at a given f. This behavior agrees with the observed 

sample-dependent trend of SBRe( )Y  in Figure 3a. Using SSN , Ac , and Bc  for each sample, 

SBRe( )y  was then calculated and depicted in Figure 6b, again for the three frequencies. 

SBRe( )y  in Figure 6b resembles well SBRe( )Y  in Figure 3a. It is therefore apparent that SSN , 



 14

not Ac  and Bc , plays the dominant role in determining the amplitude of the LFN. One can 

notice that the ALD cycle dependence of the total SN , as seen in Table 1, is opposite to that of 

SSN .  It should be noted that SSN  represents the responding fraction of the binding sites, and 

it is not directly correlated to the total SN . It is observed by our TEM analysis[25] that the TiN 

film is characterized by fine columnar TiN crystals. The columnar growth can result in a 

significant increase in effective area with dense nanoscale features, and thus SN . This TiN 

surface becomes replaced by an ALD TiO2 surface with a reduced density of such features as 

well as a reduced surface roughness, which can explain the decreasing trend in SN  with 

increasing the number of ALD cycles (Table 1).  

 

Figure 6. (a) SSN  and (b) SBRe y    in the order of the samples at three different frequencies. 

As shown in Figure 7 with three site-binding branches characterized by Ec1 to Ec3 for 

illustration, the noise spectrum envelope consists of contributions from distributed site-binding 

branches with different kinetic barriers Ec. It is the sites with large Ec that would contribute most 

to the noise in the low-frequency regime; the amplitude of the LFN is primarily determined by 
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the Nss with large Ec. Therefore, to minimize the LFN, reducing the Nss with large Ec can be an 

effective approach.  

 

Figure 7. Schematic low-frequency noise spectrum. The three colored lines illustrate 

contributions from three site-binding reaction branches with different kinetic energy barriers, Ec1, 

Ec2, and Ec3.   

CONCLUSIONS 

Electrochemical impedance modeling has been used to correlate the oxide/electrolyte 

interfacial LFN to the dynamic properties of H+ binding/de-binding reactions with the surface 

OH group as the binding sites. The dependence of the real part of the site-binding admittance 

SBRe( )Y  on the reaction rate constants and the binding site density per unit kinetic barrier is 

investigated to account for the observed trend of LFN, yielding conclusions as follows: 
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1. This dependence of the interfacial LFN, int4 Re( )kT Z , on SBRe( )Y  is generally determined 

by the relative size of the susceptance of DLC  to SBRe( )Y , at a given frequency. When SBRe( )Y  is 

considerably smaller than DLC , the LFN linearly increases with SBRe( )Y ; as SBRe( )Y  is closer 

to and eventually larger than DLC , the dependence of the noise on SBRe( )Y  transits, gradually, 

from linearly increasing to linearly decreasing on a log scale. 

2. The binding sites with large kinetic barriers dominate the noise in the low frequency regime. 

And it is SSN , rather than NS, that decisively determines the amplitude of the LFN. Thus, 

reducing the number of such sites can be an effective way to minimize the LFN. 
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