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Abstract

Evaluation of ALD Oxides as the Sensing Layer for Ion
Sensors

Elis Nycander

In this thesis thin films of aluminium(III) oxide (Al2O3), titanium dioxide (TiO2), and
tantalum(V) oxide (Ta2O5) were evaluated as the sensing layer for ion sensors. 

The oxide films were deposited using atomic layer deposition (ALD) and
characterized with ellipsometry. The oxide-electrolyte interface was then evaluated
with electro-chemical measurements. First, the open-circuit potential was measured
at different pH values to extract the pH sensitivity of the oxides, and the potential
drift with time. Second, the impedance was measured at different pH values to
determine the thermal noise level of the different oxides and its dependence on pH.
Finally, cyclic voltammetry measurements were done to check the surface coverage of
the oxides. 

Both thin titanium dioxde and thin tantalum(V) oxide show sensitivities around 55
mV/pH. Aluminium(III) oxide shows significantly lower sensitivity. A thinner oxide
reduces the impedance of the solid liquid interface and thus gives lower thermal
noise. Also, a thinner oxide reduces the potential drift. For these reasons, thin
titanium dioxide and tantalum(V) oxide are both good candidates for the sensing
layer. Increasing the thickness of the oxide from 3 nm to 10 nm increases the noise
and drift, and also reduces the sensitivity in the case of titanium dioxide. We also find
that the impedance and thermal noise varies with the pH of the electrolyte.
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Populärvetenskaplig sammanfattning

pH-sensorer som tillverkas med samma processer som används inom halvledarindus-
trin kan göras små och billiga, och dessutom enkelt integreras på ett chip med
annan elektronik. I detta exjobb har tunna filmer av aluminiumoxid (Al2O3),
titandioxid (TiO2) och tantaloxid (Ta2O5) utvärderats för användning som sen-
sorlagret i pH-sensorer.

Oxiderna deponerades med ALD (Atomic Layer Deposition) och karaktäris-
erades med ellipsometriska mätningar. Gränssnittet mellan oxiden och elek-
trolyten undersöktes sedan med elektrokemiska mätningar. Först mättes spän-
ningen över gränsnittet för olika pH-värden. På detta sätt kunde spänningens
känslighet för pH-förändringar bestämmas. Det var också möjligt att upp-
skatta hur stor driften av spänningen var. Vidare mättes gränsnittets småsig-
nalimpedans. Det förväntade termiska bruset kan beräknas från realdelen av
impedansen. Till sist gjordes CV-mätningar (Cyclic Voltammetry) för att veri-
fiera att oxiderna var heltäckande.

Både tunn titanoxid och tantaloxid hade känsligheter nära 55 mV/pH, medan
aluminiumoxid uppvisade betydligt lägre känslighet. En tunnare oxid reducerar
gränssnittets impedans, vilket leder till lägre termiskt brus. En tunnare oxid
reducerade även drift i spänningen för titandioxid. Därför kan både tunn ti-
tandioxid och tunn tantaloxid anses vara bra kandidater för sensorlagret i pH-
sensorer.
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1 Introduction
Ion sensors based on semiconductor technology have been used in a range of
chemical and bio-medical applications. They have the potential to exploit the
continuous improvements in semiconductor fabrication processes to produce
smaller and cheaper sensors with improved performance [3].

One of the most common ion sensors of this kind is the ISFET (Ion-Sensitive
Field Effect Transistor), which was devised in the 1970s by Bergveld [2]. An
ISFET ion sensor is essentially a MOSFET (Metal-Oxide-Silicon Field Effect
Transistor) where the metal gate is replaced by an electrode immersed in an
electrolyte (Figure 1). The electrolyte is separated from the silicon substrate by
an insulating layer, similar to a normal transistor. The insulating layer is either
directly in contact with the electrolyte, or it is covered by a thin sensing layer.
In the former case the insulating layer also acts as the sensing layer.

The sensing mechanism acts via the potential of the sensing surface relative
to the electrolyte. The surface potential, which is determined by the target
ion concentration in the electrolyte, modulates the flat-band voltage and thus
the current of the ISFET. Thus the ion concentration can be monitored via
the channel current of the ISFET. In our study we investigate the usefulness of
oxides as the sensing layer of pH sensors, and the potential-determining ion is
the H+ ion.

The purpose of this thesis is to evaluate the usefulness of different oxides as
the sensing layer in ISFETs sensitive to pH. The oxides investigated were TiO2,
Al2O3, and Ta2O5. They were deposited using atomic layer deposition (ALD)
and characterized with ellipsometry. To evaluate the oxides we use a simple
system consisting of a metal-oxide-electrolyte structure. Thus our system does
not contain the full ISFET structure with a conducting channel, but isolates the
electrolyte and the sensing surface that is important for the ion sensing. Using a
three-electrode setup, we can directly measure the potential of the oxide surface
for different pH values and perform other electro-chemical measurements.

The important characteristics of the oxide are the sensitivity to pH, the drift
of the surface potential (a more stable potential is desirable), and the thermal
noise originating from the oxide-electrolyte interface. It has been shown in a
recent paper that thermal noise can be a significant limitation on the ability to
measure small changes in pH with ISFETs [25]. Using the simple measurement
structure described above, the sensitivity, drift, and thermal noise could be
investigated to evaluate the usefulness of the different oxides.

First, the open circuit potential of the interface was measured. By varying
the pH of the electrolyte the sensitivity of the oxide to pH could be directly
obtained. Also, the drift of the potential could be quantified.

Second, impedance measurements were performed at different pH vales.
Apart from showing the significance of the thermal noise, [25] also confirmed
that this noise correlates with the real part of the impedance of the interface,
according to the standard formula for thermal noise of a resistor. Thus, the
impedance measurements can be used to quantify the thermal noise of the in-
terface.

Finally, cyclic voltammetry measurements were performed to check the sur-
face coverage of the different oxides.

Having thus evaluated the different oxides, we conclude that thin TiO2 and
Ta2O5 are both good sensing layers, with sensitivities around 55 mV/pH. Al2O3
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Figure 1: Comparison of the MOSFET and ISFET structure. In a MOSFET
the conductance of the channel is directly modulated by the gate voltage. In an
ISFET the electrolyte is biased by a constant voltage applied to the reference
electrode. A voltage is built up at the interface between the electrolyte and the
sensing surface. This voltage modulates the conducting channel, and allows the
ISFET to function as an ion sensor. Note that for a pH sensor there is often no
need for the sensing layer, since most oxides that are used as gate insulators are
sensitive to pH.

shows significantly lower sensitivity. A thinner oxide reduces the impedance of
the solid liquid interface and thus gives lower thermal noise. Also, a thinner
oxide reduces the potential drift. For these reasons, thin TiO2 and Ta2O5 are
both good candidates for the sensing layer. Increasing the thickness of the oxide
increases the noise and drift, and also reduces the sensitivity in the case of TiO2.
We also find that the impedance and thermal noise varies with the pH of the
electrolyte.

2 Theory

2.1 The Oxide Electrolyte Double Layer
In Ref. [1] the electro-chemical theory of the double layer for a metal electrode is
developed. When a voltage is applied to the electrode charge will accumulate at
the surface. This charge will be balanced by an oppositely charged distribution
of ions in the electrolyte around the electrode. Hence the name ”double-layer”.

Actually, for a solid metal electrode, a potential will develop across the
interface even if it is not supplied by an external voltage source. Ions from
the electrolyte will be adsorbed onto the oxidized metal surface, creating a net
surface charge.

An oxide surface acting as a pH sensor may absorb or release H+ ions. This
is attributed to ampotheric surface sites at the oxide, which can both release and
accept H+ ions. Figure 2 shows the charge distribution and resulting surface
potential Ψ. Ψ is defined as the potential at the oxide surface relative to the
bulk of the electrolyte.

Depending on the pH (pH = − log([H]+)) of the electrolyte, the surface
charge will vary. A low pH means that the surface will adsorb protons from the
solution which results in a positive surface potential, and vice versa.
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The sensitivity of the surface potential to variations in pH is given by

∂Ψ0

∂pH
= −2.3

kT

q
α, (1)

where
α =

1
2.3kTCdl

q2βint
+ 1

(2)

is a constant between 0 and 1, which depends on the intrinsic buffer capacity
βint and the double-layer capacitance Cdl. T is the absolute temperature, k the
Boltzmann constant, and q the elementary charge. The derivation of the model
may be found in [14]. For values of α close to 1, the response will be the so-called
Nernstian response of 59.2 mV, assuming room temperature of T = 298K. This
is the maximum response that can be achieved.

According to standard electro-chemical theory the double-layer capacitance
Cdl can be modeled as two capacitors connected in series [1]. This is shown
in Figure 2. The first capacitor corresponds to the compact layer, which is
the region between adsorbed ions on the surface and the closest approach of the
counter ions in the electrolyte. This capacitance, known as the Stern capacitance
Cs, is constant. The second capacitance is the capacitance from the diffuse
layer, where the counter-ions in the electrolyte are located. This capacitance
Cd depends on the surface potential, or equivalently, on the pH of the electrolyte.
Specifically, we have

1

Cdl
=

1

Cs
+

1

Cd

=
1

Cs
+

1

q

√
kT

2εwc
· cosh−1

(
qψd
2kT

)
, (3)

the second term being the diffuse capacitance. Here ψd, the potential drop over
the diffuse layer, is related to the surface potential ψ0 by

ψ0 = ψd −
σd
Cs
, (4)

where σd is the charge stored in the diffuse layer:

σd = −
√

8εwkTc sinh

(
qψd
2kT

)
. (5)

Here εw is the electrical permitivity of the electrolyte and c is the electrolyte ion
concentration. Note that in the derivation of equations (3) to (5) it is assumed
that the electrolyte consists of equal amounts of unitary charged ions, which
need not be the case.

In Figure 3, equations (3) to (5) have been simultaneously solved, given val-
ues for Cs and the electrolyte concentration c, to calculate the total capacitance
CDL. It has a minimum at the pzc (point of zero charge). This is the point at
which the net charge adsorbed on the oxide surface is 0. Further away from the
pzc the capacitance approaches the constant value given by Cs. The minimum
at the pzc is due to the effect of the diffuse capacitance which varies with the
potential drop in the diffuse region, Ψd. This can be intuitively understood as
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Figure 2: Schematic of the oxide electrolyte double layer. Due to adsorption
or desorption of protons in the inner Helmholtz plane (IHP) the surface will
aquire a net charge, which is balanced by the distribution of ions in the diffuse
layer, starting at the outer Helmholtz plane (OHP). The region between the
IHP and OHP is known as the compact layer. The potential Ψ falls linearly in
the compact layer and decays gradually in the diffuse layer.

being due to the compression of the diffuse region for larger potentials. A larger
surface potential ψ0 will attract the counter-ions in the electrolyte closer to the
surface, leading to a larger capacitance. For small potentials, the counter-charge
will be more spread out in the electrolyte, increasing the average separation of
charge on the surface and in the liquid, reducing the effective capacitance. In-
creasing the electrolyte concentration c in equation (3) also has the effect of
compressing the charge distribution in the electrolyte, thus bringing CDL closer
to Cs.
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Figure 3: Double layer capacitance calculated using equations (3) to (5). The
total capacitance Cdl is the series connection of the Stern capacitance Cs and dif-
fuse capacitance Cd. Here electrolyte concentration c=0.01M and Cs=20μF/cm2

have been assumed. The vertical axis has been converted from Volts to pH as-
suming Nernstian response of 59.2 mV/pH.

2.2 Electro-Chemical Measurements with a Three-Electrode
Setup

In this thesis we study the oxide-electrolyte interface using different electro-
chemical measurement techiniques. We measure the potential developed at the
interface to quantify the pH sensitivity and potential drift. Also, we use electri-
cal impedance spectroscopy (EIS) to measure the impedance of the interface to
quantify the thermal noise, and cyclic voltammetry (CV) to check the surface
coverage of the oxides. All measurements were done using a potentiostat with
a three-electrode setup.

A basic electro-chemical system consists of two electrodes in an electrolyte.
The electrode that is being studied is known as the working electrode (WE). The
other electrode is often chosen to be of a standard composition, and is known
as the reference electrode (RE). The RE used here is the Ag/AgCl electrode
in saturated KCl. In a three-electrode setup an additional electrode is used,
known as the counter electrode (CE). As explained later in this section, a three
electrode setup is preferable for EIS and CV measurements.

During the potential measurement the potential of the WE is monitored
against the RE. Since the RE is connected to the cell with a high input impedance
only a negligible current flows. The measured potential is called the open-circuit
potential.

During an EIS measurement, a small AC voltage is applied to the system.
Assuming the voltage is small enough, the system will will behave as a linear
system, resulting in an AC current of the same frequency. This current is regis-
tered, which enables determination of the complex impedance of the system at
that frequency. With EIS, it is possible to get a measurement of the impedance
of a system at a whole range of frequencies.

In a CV measurement the voltage is increased linearly in time over some
range, while the resulting current is registered. When the voltage reaches a
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certain value, it will be high enough for the redox reaction of interest to occur,
which will be seen as a peak in the current. In this study a CV measurement is
made to investigate the quality of the oxides.

When applying an external voltage to a cell, such as in EIS or CV measure-
ments, a problem with using only two electrodes is that the potential of the RE
can change depending on the current that flows through it. In fact it is very
difficult for an electrode to maintain a constant potential while conducting a
large current. For this reason, a three electrode setup, consisting of a working
electrode (WE), reference electrode (RE), and a counter electrode (CE), is often
used.

In a three electrode setup, the potential over the WE is monitored by the
RE, while the CE conducts most of the current through the WE. The RE is
connected to the potentio-stat with a high input impedance and only conducts
a minimal current. To change the voltage over the WE, the voltage of the CE is
changed until the desired value is registered by the RE. The potential over the
CE may vary by large amounts for it to conduct the current flowing through
the WE, but the potential of the RE remains constant.

For impedance measurements, a three electrode setup also allows the impedance
of the WE to be measured independently of the impedance of the rest of the
cell, providing the RE is located close to the WE, so that the potential drop in
the liquid bulk between them is negligible.

2.3 Atomic Layer Deposition
ALD (Atomic Layer Deposition) is a method for depositing inorganic materials
on a variety of substrates. One of the main benefits of ALD compared to other
deposition techniques is that it is performed in discrete steps, which means
that a uniform coating can be obtained even for a substrate with a complex
geometry. For this reason ALD is extensively used for the fabrication of RAM
memory where complicated 3D capacitor structures are required [15]. It is also
widely used in advanced CMOS technology.

Each cycle in an ALD process follows the same basic principle. A gas con-
taining the reactant, sometimes called precursor, is let into the reaction chamber
where it reacts with the surface to form a mono-layer. The exposure time should
be long enough to ensure complete coverage. This is followed by a purge with a
non-reactive gas to remove the precursor and the reaction products. Most ALD
processes use two precursors which react with the surface in alternating fashion.
After the second precursor the surface is in the same state as at the start of the
cycle, and the number of cycles can be set to achieve the desired film thickness.

Figure 4 shows the two steps for the growth of Al2O3 using trimethylalu-
minium (TMA - Al(CH3)3) and water, which is one of the most common ALD
processes [20]. In the first step the hydroxylized surface reacts with TMA to
produce methane gas while the Al complex attaches to the surface. In the sec-
ond step the surface reacts with water to produce methane gas and remove the
methyl groups from the surface. The surface is then in its original state and a
new cycle can begin.

Other reactants, such as oxygen plasma, can also be used in the second step
instead of water. In this case the products can include H2O and CO2 [20].

In this study three different ALD oxides have been used: TiO2, Al2O3, and
Ta2O5. Table 1 shows the recipes for these oxides. TiO2 was grown at 200◦C
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Figure 4: Schematic of the ALD process for Al2O3 using TMA and H2O

Table 1: Recipies for ALD oxides

Oxide Reactant Flow (sccm) Pulse time (s) Purge time (s)
TiO2 TiCl4 150 0.1 6

H2O 200 0.1 6
Al2O3 TMA1 150 0.1 4

H2O 200 0.1 6
Ta2O5 TBTDET2 50 1.6 8

O2 plasma 70 26 3

and Ta2O5 at 150◦C. Al2O3 was initially grown at 200◦C for the thickness
measurements, but later the temperature was increased to 300◦C due to concern
about the oxide quality. No large impact on the growth rate was seen due to
the increased temperature (see Table 2).

2.4 Ellipsometry
Ellipsometry is the the study of material properties using light. By measuring
the light reflected from a sample, properties such as the thickness and optical
constants of the sample can be determined. Ellipsometry is especially useful for
determining the thicknesses of thin films.

More specifically, ellipsometry measures the change in polarization of light
which is reflected from the sample. Light is a transverse electromagnetic wave,
meaning that the ~E field oscillates in a plane normal to the direction of propa-
gation of the light. The ~E field traces an ellipse in this plane with the frequency
of rotation ω, see Figure 5. In complex form

~E(t) =

[
Exe

i∆

Ey

]
eiω(t−t0) (6)

where Ex and Ey is the magnitude of the oscillation in the x and y direction.
1Tri-methyl aluminium
2Tris(diethylamido)(tert-butylimido)tantalum(V)
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Figure 5: Left: Polarization of light is uniquely determined by the angles Δand
Ψ. Right: The polarization state of the light changes upon reflection, due to
different interaction of the p- and s components of the light with the substrate.
Figures are from and [24] and [9].

The two parameters characterizing the ellipse are ∆ and Ψ. ∆ is the phase
difference between the oscillation of the ~E field in the x and y direction. It
determines how much the ellipse is tilting in the rectangle. If ∆ = π/2 then
~Ex and ~Ey are out of phase, and the ellipse will be vertical. If ∆ = 0 then ~Ex
and ~Ey will attain their maximum, minimum, and 0 values at the same time.
Then the ellipse in Figure 5 will collapse to a straight line through the origin
connecting the corners of the rectangle. This is called linearly polarized light.
The other parameter, Ψ, is related to the relative magnitude of the field in the
x and y directions:

tan Ψ =
Ex
Ey

(7)

If Ex and Ey are of equal magnitude, and ∆ = π/2, the light is circularly
polarized.

In ellipsometry, the usual axes to describe the polarization is the p and s
axis as shown in Figure 5. The p axis lies within the plane of incidence, which
is spanned by the normal of the surface and the direction of propagation of
the light. The s axis is perpendicular to the p axis and thus parallel to the
sample surface. Since the oscillation in the p direction, unlike the oscillation in
the s direction, has a component perpendicular to the surface the oscillations
in the p and s directions will be effected differently when light is reflected from
the surface of the sample. Thus, the state of polarization will change upon
reflection. Assuming the initial polarization is known, the polarization change
can be determined by measuring the polarization of the reflected light.

The quantities which are measured in ellipsometry is ∆ and Ψ as a function
of the wavelength λ. To relate these parameters to the physical properties of the
sample it is necessary to construct a model of the sample. This model includes
the thicknesses of all layers in the sample, as well as the optical constants N of
the different layers. Here

N(λ) = n(λ) + ik(λ) (8)

where n is the index of refraction and k is the extinction coefficient for the
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material. n is related to the speed with which light propagates in the material:
n = c/v, where c is the speed of light in vacuum and v is the phase velocity of
light in the given material. k relates to how strongly light is attenuated in the
material: k > 0 means the intensity of the light decreases as it travels through
the material.

Given a complete model of the sample, with optical constants at each wave-
length λ, it is possible to predict how the polarization of the reflected light will
change, calculating values for ∆ and Ψ for each λ. By adjusting the model to
fit the measured data, an indirect measurement of the physical properties of
the sample is obtained. In order to get reliable results from ellipsometry it is
important that the model which is used gives a good fit of the data. However,
the model must also be physically relevant.

In this thesis, ellipsometry was used to determine the growth rate of oxides
grown with ALD on a number of different substrates. A detailed description of
the measurement procedure and results can be found in Section 3. For a more
detailed account of ellipsometry we refer to [24].

3 Oxide Thickness Measurements
When evaluating the different oxides it was important that they had the same
thickness. This is because the properties investigated, notably the impedance,
may depend on the oxide thickness. Therefore it was necessary to determine
the growth rate of the different oxides deposited with ALD. The thickness mea-
surements were performed using ellipsometry. Since there have been cases of
substrate-dependent growth rate reported, see e.g. [23], it was decided to mea-
sure the growth rate both on Al and TiN. Also, the growth rate of oxides on
native silicon oxide was measured to serve as a simple base-line.

Since metals have strong absorption of light the thickness of the metal films
on which the oxides were grown had to be very thin, in the order of 10 nm.
Ellipsometry measurements of these films without oxides were used to verify
the thickness and model the optical constants of the films. The thickness was
also measured independently using profiler measurements. Having characterized
the metal films the thickness of oxides grown on them could be measured.

The growth rate of the ALD oxides was also measured on Si with native
oxide. These measurements served both as a base-line and were used to model
the optical constants of the oxide films.

The ellipsometry measurements were done using a Woollam VASE ellipsome-
ter. The wavelength range was from 300 nm to 900 nm, and all measurements
were done at angles of incidence 65◦, 70◦ and 75◦.

The measured ALD oxide growth rates are shown in Figures 10 to 12. Gen-
erally the growth rate did not vary more than 10% depending on the substrate
used. Only for Ta2O5 on TiN was there a considerable difference in the growth
rate. On Si the growth rate was 0.42 Å/cycle and on TiN the growth rate was
0.66 Å/cycle. However, due to the large errors gotten for Ta on metal thin films
(see Table 2), it is not sure that this represents a real increase of the growth
rate. In the case of Ta2O5 on TiN there was also a considerable deviation from
the expected linear growth rate, which puts further doubt whether the modeled
thicknesses are correct. It was thus decided to use the growth rates modeled on
native SiO2 to estimate the oxide thicknesses, as these value were thought to be
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more accurate. The rest of this section expands on the modeling process used
to obtain Figures 10 to 12.

3.1 Measurements of Oxide Thicknesses on Si
Measurements on silicon with native oxide were used to simultaneously model
the optical constants and thickness of the oxides.

The optical constants are shown in Figure 6. The results show reasonable
agreement with literature values. To model Al2O3 and Ta2O5, a simple Cauchy
relationship used for transparent materials was sufficient. TiO2 showed some
absorption for lower wavelengths in the violet and ultraviolet region, and was
modeled using a Tauc-Lorentz oscillator.
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Figure 6: Complex index of refraction for ALD oxides. Left scale shows index of
refraction n and right scale shows extinction coefficient k. Literature values were
gotten from refractiveindex.info (accessed on 03-07-2016), where they reference
the original articles, [10] [16] [12].
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3.2 Measurements of Metal Thin Films
The thickness of the sputtered metal films was measured using a profiler, as
shown in Figure 7. The film thicknesses were 14 nm for Al and 12 nm for TiN.

To model the optical constants of the metal films, the thickness was fixed
to the measured values while the optical constants were varied freely. Only
one measurement was used. The resulting constants are shown in Figure 8.
Note that Al has a constant of refraction less than one in the blue visible and
ultraviolet region, which may be due to the precense of atomic adsorption lines
in this part of the spectra. The positive extinction coefficient indicates the
attenuation of light in the whole region.
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Figure 7: Profiles of Al and TiN films using Stylus profiler. The film thickness
was determined as the difference between the averaged height values over a
distance of 41.5 μm on each side, marked by the black line.
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Figure 8: Complex refractive index for TiN and Al. Note the rough agree-
ment with literature values. These were gotten from and www.filmmetrics.com
and www.refractiveindex.info (both accessed on 2016/06/21) for TiN and Al,
respectively, where they reference the original articles, [19] and [21].
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3.3 Measurements of Oxide Thicknesses on Metal Thin
Films

When modeling the thicknesses of the ALD oxides on metal thin films the optical
constants shown in Figures 8 and 6 were used. Figure 9 shows the layers used in
the model. For each combination of oxide and substrate, the oxide thicknesses
as well as a common thickness of the metal film were used as parameters in the
fit.

The results of the modeling are shown in Table 2. Figures 10 to 12 plot the
resulting growth rates. For TiO2 and Al2O3 the difference in the growth rate
depending on the substrate used is less than 10%. We see in Table 2 that the
modeling errors are larger on metal thin films. This is due to the extra layer
introduced in the model, which increases the uncertainties of the determined
thicknesses. Thus the growth rates determined on TiN and on Al were less
reliable than that measured directly on silicon with native oxide.

For Ta2O5 there is a considerable difference in the growth rate as measured
on TiN compared to that on Al and native SiO2. This could suggest an increased
growth rate, but is more likely the result of modeling errors, possibly introduced
by lack of uniformity of the TiN layer. Note that the strong deviation from the
expected linear trend is an indication that these measurements can contain large
errors.

All in all no strong conclusion could be drawn about the effect of the sub-
strate on the oxide growth rates. It was therefore decided to use the growth
rates on silicon with native oxide to represent the thickness of the oxides, since
these values were thought to be more accurate.

Si
SiO2 (14 Å)

Al/TiN
ALD Oxide

Figure 9: Layers used to model ellipsometry measurements.
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Table 2: Oxide thicknesses from ALD on different substrates. Last column
shows mean squared error.

Oxide ALD cycles Oxide thickness (Å) Sublayer Sublayer thickness (Å) MSE
TiO2 @ 200◦C 40 15.6 SiO2 (native) 13.9 1.1

100 37.0
200 71.7
40 10.1 TiN 114 3.0
100 28.2
200 60.2
40 11.4 Al 124 5.7
100 30.4
200 63.4

Al2O3 @ 200◦C 20 20.7 SiO2 (native) 13.9 0.9
50 46.5
100 88.5
20 13.6 TiN 102 2.8
50 37.6
100 82.4
20 10.8 Al 137 3.3
50 36.2
100 76.1

Al2O3 @ 300◦C 20 17.9 SiO2 (native) 13.9 0.9
50 44.7
100 88.8

Ta2O5 @ 150◦C 20 24.4 SiO2 (native) 13.9 1.0
50 40.5
100 53.0
200 101.0
50 12.8 TiN 119 5.2
100 79.0
200 118.7
50 23.3 Al 127 5.3
100 43.6
200 91.3
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Figure 10: Growth rates of Titanium oxide on different substrates. The tem-
perature was 200◦C.
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Figure 11: Growth rates of Aluminium oxide on different substrates. The tem-
perature was 200◦C unless otherwise noted.
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Figure 12: Growth rates of Tantalum oxide on different substrates. The tem-
perature was 150◦C.

4 Electro-Chemical Evaluation of Oxides

4.1 Experimental Setup
4.1.1 Sample Fabrication

Figure 13 shows a schematic picture of the sample and the measurement setup.
The samples were fabricated by the following steps: A glass wafer was diced into
squares 2 by 2 cm and cleaned using Acetone in an ultrasonic bath followed by
a rinse with 2-Propanol. The dies were then sputtered with 100 nm of Titanium
followed by 30 nm of Titanium nitride (TiN). The oxide was then deposited on
the TiN by ALD. A plastic tube was glued onto the die using epoxy, to serve
as the liquid resevoair. The exposed area was a disc of around 0.8 cm2. The
die was then glued onto a piece of experimental board with a soldered wire for
connection to the board. A copper wire connected the board with the TiN. The
wire was fastened to the TiN using silver paint, and soldered to the experimental
board.

4.1.2 Measurement Procedure

Figure 13 shows the measurement setup used for all measurements. All mea-
surements were performed with a BioLogic VSP-300 electrochemical workstation
using a three-electrode setup. For a description of the theory behind the poten-
tiometric measurements and the three-electrode setup, we refer to section 2.2.
The surface of interest, i.e. the oxide surface, is the working electrode (WE).
The other electrodes are the reference electrode (RE), and the counter electrode
(CE).

The RE was a standard Ag/AgCl electrode with an inner electrolyte consist-
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Figure 13: Schematic of the sample and measurement setup.

ing of saturated KCl, and a ceramic frit for connection with the outer electrolyte.
The CE was a platinum wire.

The electrolyte used was a commercially purchased buffer Titrisol. This is
a 0.1 M mixture of boric acid, sodium hydroxide, and hydrogen chloride. Seven
different mixtures ranging from pH 4 to 10 were used.

First, the open-circuit potential of the interface was measured at different
pH values. This enabled determination of the pH sensitivity and potential drift.
The measurement procedure was as follows: The sample was allowed to soak for
3 minutes at each pH value, starting at pH 4 and going up to pH 9. Between
each pH value, the sample was rinsed first with de-ionized water and then with
next buffer to be used.

Second, the impedance was measured at the different pH values. Before the
impedance measurements the sample was soaked 1 min at that pH value. The
impedance was measured from 200 kHz to 100 mHz, with an AC amplitude of
10 mV at 0 DC bias relative to the open-circuit potential.

Third, the CV measurements were made in a background solution of 0.2 M
KCl, containing 10 mM of ferri/ferro cyanide ([Fe(CN)6]3-/4-). The potential
was varied from -0.3 to 0.7 against the Ag/AgCl RE, with a stepping rate of
100 mV/s. The CV measurements were done using freshly made samples, so
that it was sure no further oxidation of the surface had occured.

4.2 Sensitivity and Drift
Figures 14 to 16 show the measured open circuit potential for the different ox-
ides. Table 3 shows extracted values for the sensitivity and drift. The potential
at each pH value was taken after soaking 3 min at that value. The drift at each
pH value was calculated as the absolute difference between the initial and final
potential at that pH. The drift was then averaged over all pH vales. Note that
between each pH value, there is a period of 1-2 min when the measurement was
paused when exchanging the electrolyte.

During the course of the measurements, a very pronounced drift would some-
times occur, that would prevent accurate measurement of the sensitivity. This
can be clearly seen in Figure 15, which shows the measured potential for Al2O3.
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The drift was at first very large, but after exchanging the electrolyte a couple
of times and waiting almost 50 min, the potential became stable enough to
perform a measurement cycle, starting at pH 4. However, at pH 10, the drift
again became very large, preventing further measurements. While this drift was
observed for both Al2O3 and TiO2, it was never observed for Ta2O5.

Looking at Table 3 we see that thin TiO2 and thin Ta2O5 have the best
properties, with sensitivities around 55 mV/pH and low drift. Al2O3 has con-
siderably lower sensitivity. Increasing the thickness of the oxides has the effect
of increasing the drift and decreasing, for TiO2, decreasing the sensitivity.

In other studies Ta2O5 has also been found to have higher sensitivity than
Al2O3 [8] [4]. It has also been found to have lower hysteresis and drift compared
to Al2O3 [8] [5]. Though TiO2 has been less commonly investigated, one study
found sensitivity around 58 mV/pH and drift as low as 7 · 10−5 mV/s [7]. The
response is close to the value here for 3 nm TiO2, but the drift is much lower than
we find. The same study also conclude that annealing of the TiO2 has beneficial
properties for hysteresis and drift. It should be investigated if annealing has
these benefits also in our case.

A general observation is that we have several cases of sensitivities below 50
mV/pH. This is the case for Al2O3 and for 10 nm of TiO2. Sensitivities below 50
mV/pH have not been found in other studies. Even for Ta2O5 the sensitivities
measured here are lower than those in other studies, which find sensitivities very
close to Nernstian response around 59.2 mV/pH [8].

It was considered whether the lower response could be related to the mea-
surement setup. Whereas other studies use an ISFET fabricated on Si, and
measure shifts in the flat-band voltage, we use a passive structure to directly
measure the surface potential of the oxide. However, this should not effect the
measured sensitivities. The system may be simply regarded as in Figure 17.
When the potential is being measured, the input capacitance of the instrument,
Cp, and the oxide capacitance Cox form a potential divider. The measured
potential is given by

Vmeas =
Ψ

Cp
Cox

+ 1
(9)

Thus, to be able to measure Ψ, the ratio of Cp to Cox has to be small.
According to the specifications of the VSP-300, Cp is less than 20 pF. Cox
can be calculated using the formula for a plate capacitor to be of the order
of some μF3, thus giving Cp/Cox ≈ 2 · 10−5. Clearly, this cannot explain the
low sensitivities measured. Actually, the oxide could be several μm without
significantly reducing the measured potential response.

For TiO2, the decreased sensitivity for thickness 10 nm could be due to the
changing morphology of the surface. AFMmeasurements showed that roughness
of the surface increased as the number of ALD cycles increased. Figure 18 and
19 show AFM images of the TiO2 surface for 50 and 300 cycles, respectively.
The changing surface structure could be causing the decrease in sensitivity.

3Here we assume a radius of 0.5 cm, giving a total area of 8 · 10−5 m2

4To calculate the thickness the formula for the growth rate of oxides on Si was used. This
should only be taken as a rough indication of the thickness.
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Table 3: Sensitivity and drift for different oxides. The noise values are based
on the impedance measurements in Section 4.3.

Oxide ALD cycles Thickness4 (nm) Sensitivity (mV/pH) Drift (mV/s) Noise (μV)
TiO2 72 2.7 54.8 0.013 0.017

280 10.0 39.6 0.048 0.045
Al2O3 25 2.5 36.4 0.012 0.021

120 10.6 36.0 0.034 0.055
Ta2O5 39 3.3 53.6 0.017 0.015

200 10.0 55.3 0.017 0.080

Figure 14: Sensitivity measurement for thin TiO2. The bad behaved region
from 40 min to 100 min was due to accidently switching the connection of the
WE and the RE.

Figure 15: Sensitivity measurement for thin Al2O3. Note the large drift before
and after the measurement cycle. The cause of this drift was not discovered.
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Figure 16: Sensitivity measurement for thin Ta2O5.

C
ox

C
p

ψ
V

meas

Figure 17: Circuit diagram for the measurement setup. The interface potential
ψ may be regarded as a battery potential. The input capacitance of the mea-
surement instrument and the oxide capacitance forms a voltage divider, with
the potential over the former being measured.
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Figure 18: Surface structure of TiO2 after 50 cycles. The roughness as measured
by the standard deviation is 0.2 nm.

27



Figure 19: Surface structure of TiO2 after 300 cycles. The roughness as mea-
sured by the standard deviation is 1.1 nm.
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4.3 Impedance and Noise
4.3.1 Noise from the Impedance

Figure 20 and 21 show the impedance for the different oxides at pH 7. Figure
20 shows the Nyquist plots and Figure 21 shows the real part of the impedance.
For each oxide, two different thicknesses were tested. Table 4 shows the real
part of the impedance at 1 Hz, and the corresponding thermal noise level. The
noise level was calculated as

Vnoise =
√

4kTRe(Z), (10)

as suggested in [25]. This thermal noise is in the order of some tens of nV.
Figure 22 shows the calculated power spectral densities of the noise for the thin
oxides.

In [25] it has been confirmed that the impedance and the noise scales in-
versely with the area. Though the large surface area used in this case means
that the noise is insignificant, it can be important if a smaller sensing area is
used. The difference between the noise (V) and the drift (V/s) is roughly a
factor of 103. Thus, decreasing the area by this factor would cause the noise to
be equal in magnitude to the drift measured here. This would correspond to a
radius of around 160 μm. Hence it is possible that thermal noise is a limitation
for ISFETs of small surface area. Actually, it is desirable to make very small IS-
FETs, since this enables the integration of a large number of devices on a small
surface area. For example, in [22] where ISFETs are used for DNA sequencing
individual sensors have a diameter of only 3.5 μm.

Table 4: Impedance and equivalent noise for the different oxides. To calculate
the thermal noise a bandwidth of 10 Hz was assumed.

Oxide ALD cycles
Thickness
(nm)

Re(Z)
@ 1Hz
(kΩ)

Noise (μV) α @ 1Hz

TiN - - 0.8 0.011 0.91
TiO2 72 2.7 1.7 0.017 0.96

280 10.0 12.4 0.045 0.94
Al2O3 25 2.5 2.5 0.021 0.92

120 10.6 18.5 0.055 0.97
Ta2O5 39 3.3 1.4 0.015 0.86

200 10.0 38.4 0.080 0.60
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Figure 20: Nyquist plot showing the impedance for the different oxides at pH
7. Right plot is a zoomed in version.

Figure 21: Real part of the impedance for the oxides at pH 7.
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Figure 22: The PSD of thermal noise calculated from the real part of the
impedance using equation (10). Values are for thin oxides around 3 nm.

4.3.2 Impedance Dependence on pH

For low frequencies, the behavior of the interface is that of a constant phase
element (CPE). The impedance traces a straight line in the Nyquist diagram,
but the slope is not vertical, as would be the case if it behaved as a pure
capacitor. The impedance of a CPE is given by

ZQ =
1

Q(jω)α
(11)

The parameter α is related to the slope of the CPE in the Nyquist diagram by

slope = − tan
(
α
π

2

)
, (12)

i.e. α is the fractional angle that the Nyquist plot makes with the real axis. The
parameter Q is the analog of the capacitance C for a pure capacitor, but has
different units.

There are different theories about why interfaces which should be purely
capacitive exhibit CPE behavior. Some suggest that the roughness or porositiy
of the surface may be the cause of CPE behavior [17]. The distribution of local
properties such as the resistance gives rise to a macroscopic CPE. In our case
the oxide is probably amorphous, which is generally the case for ALD oxides
before annealing (see e.g. [13]). Thus local variations of the crystal structure
means that the surface is not uniform, which may explain the CPE behavior.

Figures 23 to 25 show the impedance measured for TiO2, Al2O3, and Ta2O5
at different pH values. Several important observations can be made from these
figures.

First, the impedance curve shifts depending on the pH. The plots also show
the real part of the impedance at 1 Hz as a function of pH. As can be seen there
is a large variation of the impedance with the pH. This variation would also
imply a variation in the thermal noise generated by the interface. Thus it may
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Oxide pHpzc Ref.
SiO2 2-3 [6], [18]
Al2O3 8 [18]
TiO2 6 [18]
Ta2O5 3 [6]

Table 5: Points of zero charge for different oxides. Values vary according to
study and crystal structure and should be taken as rough estimates.

Figure 23: Variation of impedance with pH for TiO2. Left plot shows Nyquist
diagram for different pH values. Right plot shows the real part of the impedance
at 1 Hz for different pH values.

be that a different oxide could be preferable depending in the pH range which
is to be measured.

The shifts in the impedance curves are believed to be due to the changing
nature of the double-layer for different pH vales. Theoretically, the double-layer
capacitance has a minimum around the pzc, as shown in Figure 3. This would
correspond to a maximum value for the impedance of the interface. As can be
seen from Figures 23 to 25 the real part of the impedance indeed has a maximum
for all oxides. The maximum is attained at pH 7 for TiO2 and Ta2O5, and at
pH 8 for Al2O3. Table 5 shows literature values for the pzc of the different
oxides. While the values for TiO2 and Al2O3 correspond closely to the maxima
obtained in our case, the maximum at pH 7 for Ta2O5 is far from the literature
value of pH 3. However, the pzc may depend on the crystal structure and other
properties of the oxide, and the literature values are only approximate. It should
be investigated further whether the shifts in the impedance curves can actually
be attributed to the difference in the pzc of the oxides.

As mentioned previously, the impedance shows a linear behavior at low fre-
quencies, corresponding to a CPE. Figure 26 shows the parameters α and Q
obtained when modeling the impedance in the range from 10 Hz to 0.1 Hz using
a CPE. The parameter α also shows a minimum, which is very clear for Ta2O5,
but less so for TiO2 and Al2O3. There is also a clear difference between the
oxides. TiO2 has a higher exponent, meaning that the behavior is more like a
pure capacitor than the other oxides.
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Figure 24: Variation of impedance with pH for Al2O3. Left plot shows Nyquist
diagram for different pH values. Right plot shows the real part of the impedance
at 1 Hz for different pH values.

Figure 25: Variation of impedance with pH for Ta2O5. Left plot shows Nyquist
diagram for different pH values. Right plot shows the real part of the impedance
at 1 Hz for different pH values.

Figure 26: Parameters of the CPE fitted in the range from 10 Hz to 0.1 Hz.
Left plot shows exponent α and right plot shows the amplitude Q
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4.4 Cyclic Voltammetry
Cyclyc voltammetry measurements were performed to check the uniformity of
the oxides. The electrolyte was 10 mM of ferri/ferro cyanide ([Fe(CN)6]3-/4-)
with 0.2 M KCl background solution. For sufficiently positive electrode poten-
tials, oxidation of the [Fe(CN)6]4- to [Fe(CN)6]3- will occur, and for sufficiently
negative potentials the reverse reduction will happen. The difference between
the oxidation and reduction peak may be used as a measure of the surface clean-
liness [11]. In our case it was not expected to see any oxidation or reduction
peaks, since the electron transfer would be blocked by the oxide.

During the measurements, the potential was varied from -0.3 to 0.7, with a
stepping rate of 100 mV/s.

Figure 27 shows the CV curves. For the blank TiN the reaction peaks are
clearly visible, but for the oxides no reaction peaks are present. Table 6 shows
the peak currents for the different oxides, and the ratio relative to the peak
current value for TiN. The results showed that there was considerable difference
among the oxides, with TiO2 having the lowest current and Ta2O5 having the
highest current. These findings are supported by Figure 26, which revealed
TiO2 to behave most like a pure capacitor, followed by Al2O3 and Ta2O5. This
indicates that Ta2O5 is more porous or ”leaky” than the other oxides, perhaps
being of lower quality or not fully covering the underlying surface.

Table 6: Peaks currents for CV measurement

Oxide Peak current (mA) Ratio to TiN
TiO2 0.003 0.002
Al2O3 0.036 0.032
Ta2O5 0.210 0.189
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Figure 27: Cyclic voltametry measurement for oxides in 0.01 M ferri/ferro-
cyanide with background solution 0.2 M KCl.

5 Conclusion and Discussion
The aim of this project was to compare the properties of different oxides for use
as the sensing layer in ion sensors. The oxides investigated were Al2O3, TiO2,
and Ta2O5, which were deposited using atomic layer deposition. The project
also required the growth rate of the oxides to be determined, which was done
using ellipsometry measurements.

Both thin TiO2 and thin Ta2O5 show sensitivities around 55 mV/pH. Al2O3
shows significantly lower sensitivity. A thinner oxide reduces the impedance of
the solid liquid interface and thus gives lower thermal noise. Also, a thinner
oxide reduces the potential drift. For these reasons, thin TiO2 and Ta2O5 are
both good candidates for the sensing layer. Increasing the thickness of the oxide
increases the noise and drift, and also reduces the sensitivity in the case of TiO2.

Though many cases of near Nernstian of even super Nernstian responses have
been reported, sensitivities measured here never exceeded 56 mV/pH. Future
efforts are needed to find out why the observed sensitivities are lower than those
in literature. It could be due to the intrinsic properties of the oxides deposited
in our system.

Also, it should be investigated whether annealing of the oxides, or degassing
of the electrolyte to remove dissolved oxygen, can improve sensitivities or reduce
drift.
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