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Abstract  
Investigating the suitability of a pH-sensing layer for ion-sensitive field-effect transistors can be costly and time consum-
ing. Ways to develop sensing layers with cheaper and faster methods, such as the use of electrolyte-insulator-semicon-
ductor structures measured at constant-capacitance, may aid enormously in investigating less understood materials such 
as Nb2O5. This work shows that constant-capacitance measurements, using 2 different samples having polycrystalline 
Nb2O5 at 2 different annealing temperatures of 800 °C and 950 °C, can predict successful integration of Nb2O5 into 
ISFETs that approach Nernstian sensitivity and exhibit low hysteresis from pH 1 to pH 13. 
 
1 Introduction 
Applications in electrochemical sensing require sensors 
which are robust and perform stable measurements in a va-
riety of environments. Such environments include agricul-
ture, food and drink processing, and biomedical applica-
tions [1–3]. In the measurement of pH, ion-sensitive field-
effect transistors (ISFETs) offer several advantages over 
the traditional glass electrode, such as the ability of ISFETs 
to be miniaturized on silicon chips and the resistance of 
ISFETs to breakage. ISFETs rely on a metal oxide insula-
tor to act as a sensing dielectric that drives an analog tran-
sistor, where an optimal choice has been Ta2O5 due to its 
stability and corrosion resistance [1, 2, 4]. Although Ta2O5 
has excellent properties for pH-sensing, the status of Ta as 
a conflict metal and the lower abundance of Ta in compar-
ison to other options calls for the investigation of other 
metal oxide insulators for pH-sensing with ISFETs [5, 6]. 
    One candidate for replacing Ta2O5 is Nb2O5, where both 
metal oxide insulators have been used in the creation of 
electrolytic capacitors [7]. Even though Nb2O5 capacitors 
have a higher direct current (DC) leakage than Ta2O5 ca-
pacitors, if implemented correctly the higher dielectric 
constant of Nb2O5 may allow for higher capacitive cou-
pling at the same thickness on an ISFET. Alternatively, 
thicker layers with Nb2O5 may yield a similar capacitive 
coupling while possibly giving a longer lifetime to the 
ISFET due to more metal oxide that would need to be cor-
roded away by the environment. Moreover, Nb is not a con-
flict metal and has a 10x higher abundance than Ta, thus 
making Nb a cheaper and more sustainable choice in the 
production of ISFETs [5]. 
    Previous research from our group with Nb2O5 has been 
performed with electrolyte-insulator-semiconductor (EIS) 
structures, where the surface potential of the sensing die-
lectric versus pH is measured with capacitance-voltage (C-
V) measurements and alternating current (AC) [8]. The use 
of EIS structures, where for our group the sensing dielec-
tric is deposited directly onto Si wafer with a thin SiO2 
layer on its surface, allows for quick and low-cost investi-
gations of a sensing dielectric before its integration with 
ISFETs. Measured pH-sensitivities of EIS samples pre-
pared by our group which are covered with Nb2O5, how-
ever, have been shown to be lower than the theoretical 

Nernstian slope which is 58.17 mV/pH at 20 °C [8]. Thus, 
one of the challenges in developing sensing dielectrics for 
ISFETs is understanding how experiments with EIS trans-
late over to producing ISFETs. This work therefore com-
pares the sensing properties of EIS samples with ISFETs to 
see if ISFETs can be successfully produced by learning 
from the results of EIS measurements. The comparison is 
then used to determine if polycrystalline Nb2O5 is suitable 
as a sensing dielectric for ISFETs used in pH-sensing. 

2 Materials and methods 
The fabrication and pH-measurements of the EIS samples 
preceded those of the ISFETs, where the details of which 
are described below. 

2.1 Sample and device fabrication  
For the EIS samples, different n-type (1-5 Ωcm) 200 mm 
(100) Si-wafers were prepared with 65 nm dry SiO2 gate 
oxide. Thin films of Nb2O5 of about 120 nm were then de-
posited by radio frequency sputtering from a ceramic target 
in an O2/Ar atmosphere. 2 different wafers were then an-
nealed by rapid thermal annealing (RTA), one at 800 °C 
and the other at 950 °C. The annealing was carried out at 
both temperatures for the same duration: 20 minutes in O2 
and 10 minutes in Ar [8]. A forming gas anneal at 440 °C 
for 30 minutes in 10 % H2 / 90 % He and subsequently for 
10 minutes in 100 % He was then performed. The wafers 
were then diced into EIS samples, with samples having an 
area of 15 mm × 15 mm. A sample contacts the measure-
ment solution with a circular opening which is sealed with 
an O-ring that has an approximate diameter of 10.3 mm.  
    For the ISFETs, the same Nb2O5 layers on a 65 nm dry 
SiO2 gate oxide were integrated with p-channel field-effect 
transistors (FETs) to create ISFETs. The ISFETs were 
manufactured at the 200 mm wafer production line at 
Fraunhofer IPMS. 

2.2 pH-measurements with EIS samples 
The pH-sensitivity and hysteresis were characterized for 
the EIS samples with the constant-capacitance (ConCap) 
method [2, 8]. First, the C-V curve was measured at pH 7 
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to find the ConCap parameters for the sample. This was 
performed by sweeping a DC gate voltage from inversion 
to accumulation of the semiconductor chip (e.g., -5 V to 
5 V) with an alternating current (AC) voltage of 20 mVp 
and a frequency of 100 Hz between the Si backside and the 
Ag/AgCl reference electrode in solution. The device used 
was a HP 4284A LCR meter, and the measurement cell was 
set in a dark Faraday cage. 
    A fixed potential was then chosen from the C-V curve in 
the depletion region where the ΔC/ΔV was the highest. The 
EIS-sample then underwent a conditioning step in ConCap 
mode with pH 7 buffer solution and an applied electrical 
potential for 16.5 h. After 16.5 h, the sample was exposed 
to pH 7 buffer for 5 minutes, then pH 1 buffer for 50 min, 
then pH 7 buffer for 5 minutes, then pH 13 buffer for 50 
min, and finally pH 7 buffer for 5 minutes.  
    Conditioning was followed by a pH-sensitivity and hys-
teresis measurement in 1 pH unit steps, with each step last-
ing 5 min, from pH 7 to pH 1, then from pH 1 to pH 13, 
and finally from pH 13 to pH 7 at room temperature (ap-
proximately 22.5 °C). All pH buffers were Merck 20 °C 
Titrisol®, except for pH 7 which was Merck 20 °C Certi-
pur®. A stepped curve like the ones shown in Figure 1a 
and 1c was recorded, and the measured potential was taken 
as the average of the last minute of measurement. Since the 
measurement cell is not temperature-controlled, the pH-
sensitivity and hysteresis were calculated by averaging the 
certified pH values of the buffer at 20 °C and 25 °C to take 
an approximate pH value at 22.5 °C. 

2.3 pH-measurements with ISFETs 
Measurements with ISFETs were performed in a tempera-
ture-controlled measurement cell, where up to 10 ISFETs 
were measured simultaneously versus a glass Ag/AgCl ref-
erence electrode. The reference electrode was maintained 
at 22 °C and in 3 M KCl outside of the measurement cell, 
and the measurement cell makes contact to the electrode 
through a tube connected to a diaphragm. The pH buffers 
for all measurements used were as described for the EIS 
samples, and the measurement cell was shielded from light. 
    9 ISFETs from wafer 1 with an RTA treatment of 800 
°C and 10 ISFETs from wafer 2 with an RTA treatment of 
950 °C were selected to form 2 measurement groups, 
where chips from a group were measured simultaneously. 
Group 1 were ISFETs exposed to 800 °C RTA (ISFETs 1-
01 to 1-09), and Group 2 were ISFETs exposed to 950 °C 
RTA (ISFETs 2-01 to 2-10). Before measuring in constant 
charge mode, an approximate isothermal operating point at 
pH 7 was determined at VBS = 0 V and VDS = -0.5 V by 
sweeping IDS, where the temperature was varied from 20 
°C to 80 °C in 10 °C steps in pH 7 buffer. The approximate 
isothermal operating IDS was found to be -190 µA for 
Group 1 (800 °C RTA) and -170 µA for Group 2 (950 °C 
RTA).  
    The pH-sensitivity and hysteresis measurements were 
then performed at 20 °C to minimize temperature devia-
tions in buffer behaviour. The VGS values versus pH were 
recorded in constant-charge mode for each ISFET, where 
the other FET values were fixed at the values stated above. 

A separate measurement was performed for each group, 
where the buffer was changed in 1 pH unit steps with each 
step lasting 20 minutes. The pH was first decreased from 
pH 7 to pH 1, then increased from pH 1 to pH 13, and fi-
nally decreased from pH 13 to pH 7. The VGS values over 
the last 3 min of a measurement step were averaged and 
then taken as the measured VGS for each step, which was 
then used to calculate the pH-sensitivity via a linear fit. 
This linear fit for each ISFET was then subtracted from the 
measured VGS points for the respective ISFET to calculate 
its hysteresis, which here is shown as the mV-deviation 
from the fit line. The pH-deviation scale on the plot is then 
set by using the fitted slope for the respective EIS samples 
and the average slope for the respective ISFET groups. 

3 Results and discussion  
The pH-sensitivity of the EIS samples is first compared 
here with that of the ISFETs. This is followed by a com-
parison of the hysteresis. This comparison is then used to 
determine whether EIS can serve as a suitable aid in devel-
oping ISFETs with Nb2O5 pH-sensing layers. As a point of 
reference, the Nernstian slope at 20 °C is 58.17 mV/pH, 
and the slope at 22.5 °C is 58.66 mV/pH. 

3.1 pH-sensitivity: EIS versus ISFET 
The pH-measurement curves for the RTA treatment at 800 
°C are shown in Figure 1a for the EIS sample and Figure 
1b for the Group 1 ISFETs. The fitted slope of 55.36 
mV/pH for the EIS sample is about 3 mV less than the 
Nernstian slope at 22.5 °C, while the average slope of 
58.16 mV/pH at 20 °C for the 9 ISFETs approaches the 
Nernstian value within error. Additionally, both the EIS 
sample and the ISFETs maintain linear behavior from pH 
1 to pH 13. 
    The curves for the RTA treatment at 950 °C are shown 
in Figure 1c for the EIS sample and Figure 1d for the 
Group 2 ISFETs. The fitted slope of 55.56 mV/pH for the 
EIS sample is also about 3 mV less than the Nernstian slope 
at 22.5 °C and is close to the slope for the EIS sample with 
RTA at 800 °C. However, unlike the Group 1 ISFETs, the 
10 ISFETs in Group 2 do not reach Nernst within error, 
exhibiting an average slope of 57.96 mV/pH at 20 °C. 
Nonetheless, this small deviation of about 0.2 mV from 
Nernst demonstrates that both RTA treatments can be used 
to make ISFETs with high pH-sensitivities. Furthermore, 
both the EIS sample and the ISFETs treated with the 950 
°C RTA treatment maintain linear behavior from pH 1 to 
pH 13. 

3.2 pH-hysteresis: EIS versus ISFET 
Hysteresis curves for the RTA treatment at 800 °C are 
shown in Figure 2a for the EIS sample and Figure 2b for 
the Group 1 ISFETs. The deviation from the fit line for the 
EIS sample from pH 1 to pH 13 extends to about ±8 mV or 
roughly ±0.15 pH units. Over the same pH range, the 
ISFETs show a much lower deviation from fit, with a max-
imum at pH 13 of +2.5 mV and just under +0.05 pH units.
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Figure 1  pH-measurement from pH 1 to pH 13 with an RTA treatment at 800 °C for an EIS sample shown in a) and for 
the Group 1 ISFETs shown in b), while an RTA treatment at 950 °C of an EIS sample is shown in c) and the Group 2 
ISFETs are shown in d). The pH-sensitivity increases by about 3 mV/pH from the ConCap to the ISFET measurements. 

Figure 2  Hysteresis, calculated as the mV-deviation from the fit line from pH 1 to pH 13, is shown here with an RTA 
treatment at 800 °C for an EIS sample in a) and for the Group 1 ISFETs in b), while an RTA treatment at 950 °C of an 
EIS sample is shown in c) and the Group 2 ISFETs are shown in d). The ISFETs exhibit less hysteresis than the EIS 
samples in ConCap mode, where the 800 °C EIS sample shows different behaviour from the Group 1 ISFETs. 
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    In Figure 2c, the EIS sample for the RTA treatment at 
950 °C shows smaller deviations than the 800 °C sample, 
being down to about -5 mV or -0.10 pH units. The hystere-
sis with the Group 2 ISFETs in Figure 2d, however, is 
quite similar to the Group 1 ISFETs, with Group 2 showing 
a deviation of approximately +3 mV and reaching +0.05 
pH units at pH 13. 

3.3 Nb2O5 EIS and ISFET measurements 
Although the fitted slopes to the EIS data are further away 
from Nernst than the fitted slopes for the ISFETs, the al-
most equal slopes for the EIS curves with both RTA treat-
ments appears to predict that the ISFETs will also be simi-
lar with both RTA treatments. Reasons why the EIS sam-
ples exhibit lower sensitivity may be due to the use of AC 
rather than DC as used with the ISFETs, where the use of 
AC means that EIS measurements are more dependent on 
the solution conductivity and the ionic strength.  
    The difference in hysteresis behaviour between the EIS 
samples with different RTA treatments, where the 800 °C 
shows a larger deviation at more pH steps, may indicate 
that EIS is not a good predictor of hysteresis with ISFETs. 
The similarity in behaviour with Group 1 and Group 2 
ISFETs seems to indicate that hysteresis may be more af-
fected by other variables, which may include temperature 
variations that need to be managed. The lack of tempera-
ture-control with the EIS measurements shown here thus 
sheds light on the main flaw of the comparison between the 
EIS measurements and the ISFET measurements. Nonethe-
less, the hysteresis data from the EIS measurement may 
prove useful for future investigations when combined with 
the fitted pH-sensitivity. 
    In taking the Nb2O5 measurement results from the EIS 
and ISFET curves, the usefulness of creating relatively 
cheap and fast EIS samples with Nb2O5 is sufficient for 
screening whether the layer is suitable for integration with 
ISFETs. Thus, this indicates that different preparation 
treatments for Nb2O5 can first be examined with EIS, and 
if found to have a high pH-sensitivity and low hysteresis, 
that the layer can be integrated with an ISFET. This of 
course does not consider the variation among ISFET con-
structions; however, if the properties of the ISFET are 
largely known and controlled by the manufacturer, then 
preparing EIS samples of Nb2O5 beforehand is a great way 
to make research and development of Nb2O5 ISFETs faster 
and cheaper.  

4 Conclusion 
EIS samples in ConCap mode and ISFETs in constant-
charge mode were compared for pH-sensitivity and hyste-
resis, where polycrystalline Nb2O5 served as the sensing 
layer. 2 separate RTA treatments, one at 800 °C and the 
other at 950 °C, were also compared. The results showed 
that pH-sensitivities with EIS samples predicted good per-
formance with ISFETs and with both RTA treatments. The 
predictive power of the hysteresis measurement with EIS 
samples was, however, less promising. Nonetheless, the 

hysteresis calculated with EIS measurements may serve as 
valuable information when supported with pH-sensitivity 
measurements for Nb2O5 sensing layers. 
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