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ABSTRACT: Ferroelectric surfaces can have very high surface
charge densities that can be harnessed for manipulation of
charged colloidal particles and soft matter in aqueous
environments. Here, we report on the electrical double layer
(EDL) formed by polarized ultrasmooth lead zirconium
titanate (US-PZT) thin films in dilute electrolyte solutions.
Using colloidal probe force microscopy (CPFM) measurements, we show that the ion distribution within the double layer can be
changed by reversing the ferroelectric polarization state of US-PZT. The interaction force in dilute 1:1 electrolyte solution
between the negatively charged probe and a positive surface charge (upward polarized) US-PZT thin film is attractive, while the
interaction force is repulsive for a negative surface charge (downward polarized) film. We modeled these interactions with a
constant-potential EDL model between dissimilar surfaces with the inclusion of a Stern layer. We report the surface potentials at
the inner and outer-Helmholtz planes both for polarization states and for a range of ionic strength solutions. Effects of free-
charge carriers, limitations of the analytical model, and effects of surface roughness are discussed.
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■ INTRODUCTION
Ferroelectric thin films (FETFs) belong to a class of materials
that can maintain an electric polarization state in the absence of
an externally applied electric field.1−3 The film’s polarization
state and the resulting surface charge density originate from a
bistable, switchable dipole moment, maintained across the
ferroelectric domains of the material.2,4 The charge density on
the exposed surface of a polarized FETFs is equal to the normal

component of the remnant polarization vector (σFETF =
⇀
P · n ̂).

The net surface charge density can be induced to be either
positive or negative depending on the direction of the applied
polarizing electric field.5−7

The ability to control the remnant polarization state has led
to the widespread use of ferroelectrics in a range of
semiconductor-based devices.3,8,9 Recently, new sensing
applications for ferroelectrics have been proposed where the
polarization state of the FETF can influence interfacial forces in
liquid environments.10 FETFs ability to control electrical
double layer (EDL) formation has a wide range of potential
applications, including, interfacial sensing,11 microfabrication,12

and micromixing.13 Figure 1A is a schematic of the EDL
structure between a native, nonpolarized FETF with a positive
surface charge and a negatively charged colloidal probe in an
aqueous environment. The interactions between the oppositely
charged surfaces give rise to interfacial attraction. Figure 1B,C
shows a polarized FETF expressing a net negative surface
charge or net positive surface charge, respectively. Here, the
uncompensated charge at the top surface of the FETF induces
EDL formation. Because of the high ferroelectric surface charge

densities, a Stern layer forms at the FETF−liquid interface. The
outer-Helmholtz plane (OHP) is indicated by the dotted line.
At the bottom surface, the polarization charge is compensated
by free charges held in the bottom, metal electrode.
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Figure 1. Schematic showing the electric double layer structure and
interaction force between a negatively charged colloidal probe and (A)
a native, nonpoled FETF with a positive native surface charge, (B) a
polarized FETF with a negative surface charge, and (C) a polarized
FETF with a positive surface charge.
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Although switching of the polarization direction induces a
change in the EDL counterion distribution, there are still
significant challenges for operating FETFs in aqueous environ-
ments. We found that careful selection of the substrate and the
processing conditions during FETF fabrication can increase
FETF stability in aqueous environments by reducing in-plane
stress, surface roughness, and crack formation. Our results
demonstrate how the FETF polarization state influences
interfacial forces in aqueous environments and highlights the
potential of FETFs to mediate surface forces.
Surface charges for common oxides typically arise from

proton exchange or ion-complexation reactions between the
ions in solution and surface sites.14−16 For polarized,
perovskite-based FETFs in aqueous environments, the effective
surface charge density is due to the combination of the
polarization induced surface charge (σF) and the surface charge
density of the native oxide layer (σS) (eq 1)

σ σ σ= +T F S (1)

The relative magnitudes of these two surface charge
contributions, however, can differ greatly. The surface charge
density for a typical oxide surface is limited by the number of
reactive surface site densities, which are typically on the order
of 0.1 μC cm−2.8,17−19 Alternatively, FETFs such as lead
zirconium titanate (PZT) can maintain surface charge densities
that are several orders of magnitude higher (values can exceed
30 μC cm−2),8,17−19 which implies that the charge density of a
polarized FETF film should dominate over the native surface
charge density.
Our use of ultrasmooth, 52/48 lead zirconium titanate (US-

PZT) thin films for control over electric double layer formation
requires fabrication of FETFs that have nanometer scale mean
surface roughness and high remnant polarization and are stable
in aqueous environments. Figure 2A shows a typical hysteresis

curve for our US-PZT thin films. Because the high surface
charge of the polarized US-PZT thin films will result in high
surface potentials, it is reasonable to assume that the EDL
structure is partitioned into a Stern layer and a diffuse double
layer of counterions. The inclusion of a Stern layer is consistent
with EDL modeling of surfaces that have a high charge density
in solution20−22 and has been reported for polarized PZT
surfaces in solution (Figure 2B).23 Within the Stern layer, the
condensed sheet of counterions is energetically trapped
proximal to the solid−liquid interface, and the layer can be
modeled as a parallel plate capacitor.24 In the adjacent diffuse

double layer, however, the ions are modeled as a distributed
cloud where both the ion concentration and the electric
potential decay exponentially with increasing distance away
from the surface.24 Since ferroelectric hysteresis properties can
be accurately measured before the FETF is placed in solution,
the effective surface charge density at the inner-Helmholtz
plane (IHP of Figure 2B) of the Stern layer is known. The
remaining surface charge (or potential), measured at the outer-
Helmholtz plane of the Stern layer (OHP of Figure 2B),
represents the boundary condition for the adjacent diffuse
double layer region.
The study of electric double layer (EDL) formation has been

driven by applications ranging from colloidal stability (e.g.,
aggregation25 and filtration26) to interfacial sensing (e.g.,
biosensors27 and lab-on-a-chip development28).29 Although a
deeper understanding of interfacial forces has led to improve-
ments in interfacial engineering, it is still difficult to determine
the effective charge density of a surface in solution because it
usually depends on an equilibrium reaction between the surface
sites and the surrounding environment, which in turn depend
on solution conditions such as pH,30−32 ionic strength,21,33,34

or ion type.20,35 Additionally, any attempt to change the surface
charge density, through either functionalization or chemical
treatment, invariably results in an unquantifiable change in the
surface charge density at the inner Helmholtz plane (IHP). In
contrast, ferroelectrics have the unique property of maintaining
either a positive or negative surface charge density independent
from the solution conditions or by chemical modification.
Additionally, the surface charge density of a FETF can be
experimentally determined prior to exposure, which allows for
better estimation of the potential at the IHP. These advantages
suggest that ferroelectric surfaces can significantly advance the
study of EDLs.
We present, for the first time, the experimental measurement

of an electric double layer induced by the remnant polarization
state of a FETF in water. Using colloidal probe force
microscopy (CPFM), we measured the EDL interaction force
as a function of separation distance between a negatively
charged colloidal probe (borosilicate sphere) and ultrasmooth
PZT (US-PZT) surfaces over a range of ionic strengths. We
demonstrate that the polarization state of the FETF dominates
the net surface charge and thus the interaction force.
Furthermore, the comparison of experimental and theoretical
modeling of the EDL interactions reveals that the theoretically
predicted IHP surface charge density matches the measured
ferroelectric remnant polarization of the US-PZT film. Our
observations motivate the continued development of FETF for
interfacial-sensing applications.

■ MATERIALS AND METHODS
Substrate Preparation. Silicon wafers (⟨100⟩, Virginia Semi-

conductor) were first cleaned by sonication for 10 min in 0.5% sodium
dodecyl sulfate (SDS) solution, followed by rinsing 10 times with
Milli-Q grade water (18.2 MΩ·cm). The wafers were then immersed
for 20 min in 3:1 H2O2/H2SO4 (Piranha solution), followed by being
rinsed 10 times with Milli-Q grade water, and finally dried in a stream
of N2. (CAUTION: “Piranha” solution reacts violently with organic
materials; it must be handled with extreme care.)Next, 200 nm of
titanium and 100 nm of platinum were deposited onto the wafer
surface using a Kurt Lesker PVD 75 e-beam source evaporator at ∼4 ×
10−5 Torr.

Sol−Gel Synthesis. US-PZT thin-films with a Zr/Ti atomic ratio
of 52/48 were fabricated from a sol−gel precursor (17 wt % Type E1
with relative atomic ratio: 125/52/48 Pb/Zr/Ti, Mitsubishi Materials

Figure 2. (A) Hysteresis loop of our 52/48 US-PZT thin film.
Remnant polarization values are −16.3 and 15.3 μC cm−2; the coercive
field values are −146.5 and 155.2 kV/cm. (B) Schematic of the electric
double layer structure above a polarized FETF with a negative surface
charge in a dilute electrolyte solution and a corresponding sketch of
the potential profile.
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Corp). The excess lead was added to the sol−gel precursor to
compensate for the loss of lead oxide during final film annealing.36 The
sol−gel solution was stored under dry conditions at 5 °C and
protected from light. Prior to deposition, the sol−gel was warmed to
room temperature and sonicated for 15 min. The precursor was passed
through a 0.1 μm filter and deposited onto a platinum-coated silicon
substrate, making sure to completely cover the substrate surface. The
sol−gel precursor was then spin-coated using a two-stage ramp profile
(5 s spin at 500 rpm followed by 40 s at 3000 rpm). Next, the solvent
was evaporated on a hot plate of 90 °C for 120 s. The films were then
pyrolized in a Thermolyne Benchtop annealing furnace at 450 °C for
35 min followed by cooling at a rate of 0.5 °C s−1. Finally, the films
were annealed using a rapid thermal annealer (Jipelec JetFirst 100) at
700 °C for 15 s. This fabrication process resulted in ultrasmooth PZT
thin films with mean thickness of ∼116 nm and RMS roughness of
∼2.4 nm. All US-PZT samples were annealed immediately prior to
measurement.
Ferroelectric Property Testing. The dielectric constant and

remnant polarization of our US-PZT thin films were measured with a
Radiant RT66b ferroelectric tester using circular platinum capacitors
(50 μm diameter) evaporated onto the US-PZT surface. The platinum
capacitors were annealed at 350 °C for 15 min to ensure good
electrical contact. The dielectric constant of the US-PZT was ∼1200.
Colloidal Probe Preparation. Colloidal probes were fabricated by

attaching a 10 μm diameter borosilicate sphere with a mean surface
roughness of 5.5 nm (Duke Scientific Cat: 9010) onto a Bruker NP
“D” cantilever using Norland Products NOA 81 UV curing epoxy. The
cantilever stiffness was determined from the thermal noise spectrum in
air.37 Prior to measurements, each colloidal probe was cleaned with a 1
min oxygen plasma ash followed by a 10 min immersion in Milli-Q
water. This was followed by a 7 min exposure to UV/ozone before
rinsing with ethanol and Milli-Q grade water.
Solution Preparation. All dilute electrolyte solutions were

prepared and stored in clean glass vials. Dilute monovalent salt
solutions were prepared using lithium chloride (CAS#10515-30),
potassium chloride (CAS#87626-18), potassium nitrate (CAS#11008-
14), and sodium chloride (CAS#7647-12-5). NaCl solutions were
acidified with dilute HCl. Solution concentration and pH were
measured using an Oakton Acron CON 5 Conductivity meter and an
Oakton Ion 510 Series pH meter, respectively.
Force-Separation Measurements. Colloidal probe force micros-

copy measurements were performed using an Asylum Research MFP-
3D scanning probe microscope. To avoid hydrodynamic forces, all
force curves were collected with a tip speed of 400 nm s−1 (or less)
over separation distances ranging from 500 to 1000 nm.34 Once the
colloidal probe and the sample were mounted in the AFM, a 150 μL
droplet of electrolyte solution was placed on the US-PZT sample and
held in place during measurements by capillary forces acting between
the cantilever holder and the US-PZT surface. For each condition
tested, force curves were taken using force-volume mapping over a 100
μm2 area. The presented data uses a random selection of the measured
force-separation curves. For each experimental condition, 12 curves
were randomly selected for analysis. Obviously deviating curves were
eliminated. Prior to polarization, CPFM force-separation curves were
taken on the freshly annealed (native) US-PZT surface. The sample
was then removed from solution, dried, and poled to express a
negative surface charge. After poling, the sample was reimmersed in
ionic solution for subsequent CPFM measurements while isolated
from ground. Next, the polarized US-PZT sample was removed from
solution, dried, and poled to express a positive surface charge. In all
cases, the bottom electrode was isolated from ground. A new US-PZT
sample was used for each ionic solution.
Polarization of US-PZT. Polarization of the FETF was performed

ex situ by placing a clean, platinum coated silicon wafer on top of the
US-PZT thin film surface and applying a ±40 V bias with a Keithley
6487 Piccoammeter/Voltage source (see Supporting Information).
The US-PZT thin film was polarized to have a negative surface charge
using a +40 V bias and polarized to have a positive surface charge using
a −40 V bias. The surface of the US-PZT samples was uniformly
polarized over an area of 1 cm2. To ensure polarization saturation, the

films were switched 10 times before the final polarization direction was
induced. After the final polarization state was achieved, the bias was
removed, the circuit was broken, and the top electrode was removed.
This leads to free charges to persist in the bottom metal electrodes,
which compensate the charges expressed by the bottom surface of the
FETF. The charge density of the top surface on the ferroelectric film,
on the other hand, remains uncompensated after removal of the top
electrode, leading to an effective charge density equal to the remnant
polarization of the FETF (σF). This uncompensated charge drives the
formation of an EDL when the FETF is placed in an aqueous
environment for CPFM measurement. We note that, when the bottom
contact was grounded prior to placing the FETF in solution, the
effective surface charge density of the FETF was negated.

Electric Double Layer Model and Fitting. The Derjaguin
approximation was used to relate the normal force measured for a
sphere-plate geometry (σSP) to the total interaction energy per unit
area between two parallel plates (WT) (eq 2)24

π= RF 2 WSP T (2)

where R is the colloidal probe radius (5 μm). The Derjaguin
approximation is valid for our colloidal probe interacting with a flat
plate because the inverse Debye length (κ) multiplied by the colloidal
probe radius (R) is larger than 10 for all ionic strengths.24,38

The total interaction energy per unit area between two parallel
plates (WT) is obtained by the summation of van der Waals (WV) and
electrostatic interaction (WE) energies (eq 3)

= +W W WT V E (3)

The nonretarded van der Waals interaction energy per unit area
between two parallel plates was calculated by eq 4

π
=

⎛
⎝⎜

⎞
⎠⎟W

A
d12V

132

2
(4)

where d is the separation distance and A132 is the Hamaker constant
for two different solid surfaces (1, 2) interacting through a uniform
medium (3). We used Lifshitz Theory39,40 and commonly reported
values for the refractive index of PZT41,42 to determine a Hamaker
constant of 0.66 × 10−20 J (see Supporting Information). This value
agrees with previously reported values for oxide surfaces interacting
through water.43,44

To determine the surface potential of the polarized US-PZT surface,
we considered either a constant charge45 or a constant potential46 EDL
model, derived from the linearized Poisson−Boltzmann equation (eq
5). We found that the constant charge EDL model consistently
overpredicted the interaction force as a function of separation distance
for known values of the inverse Debye length. The constant potential
EDL model (eq 6), however, provided good fits to the measured force-
separation data, indicating that a significant amount of charge
regulation occurs at the US-PZT surface. Fitting the measured force-
separation approach curves to a charge-regulation EDL model also
indicates significant charge regulation (see Supporting Information).

κ∇ Ψ = Ψ2 2 (5)

ε ε κ
π

= Ψ + Ψ − + ΨΨW x x
8

{( )[1 coth( )] 2 cosech( )}E
o r

1
2

2
2

1 2

(6)

where Ψ1 is the nondimensionalized potential (ψe/kBT) of the
borosilicate probe, Ψ2 is the nondimensionalized potential of the US-
PZT surface, x is 2κd, εoεr is the dielectric constant, κ = [(2e0

2n)/
(εoεrkBT)]

1/2 is the inverse Debye length, kB is Boltzmann’s constant,
T is absolute temperature, and n is atomic concentration.

The total interaction force equation was determined by substituting
eqs 3, 4, and 6 into eq 2. The total interaction force equation was fitted
to the measured force-separation approach curves for native and
polarized US-PZT thin films using a least-squares method and
Tablecurve (Systat) software. During fitting, the Debye length (κ−1)
and the US-PZT surface potential (Ψ2) were treated as fitting
parameters while the surface potential of the borosilicate probe (Ψ1)

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am3031954 | ACS Appl. Mater. Interfaces 2013, 5, 2610−26172612



was set to −39 mV. This surface potential was determined
experimentally from colloidal force probe measurements on a silica
surface and found not to change within the range of the ionic strengths
used in the measurements (see Supporting Information). During
sensitivity analysis, we found that changing the Hamaker constant by
up to 1 order of magnitude did not significantly impact the fitting
values (surface potential and Debye length). The measured force-
separation data on approach were also compared with predictions
from a nonlinear Poisson-Boltzmann model with a constant potential
boundary condition.47,48 However, we did not find a significant
difference in the prediction of the US-PZT surface potentials. The
surface charge at the OHP was calculated from the fitted surface
potential values using the Grahame equation.15,16

Polarization Patterning. Charge patterning was performed using
a clean TEM grid (Ted Pella 3HGC500). Uniform contact between
the US-PZT surface and the TEM grid was made using a PDMS plug.
A +40 V bias voltage was applied between the TEM grid and the
bottom platinum electrode using a Keithley 6487 Piccoammeter/
Voltage source. After the final polarization state was achieved, the
potential difference between the top and bottom electrodes was
brought to 0 V. The circuit was then broken, and the TEM grid was
removed.
Colloidal Suspension Preparation. Colloidal suspensions were

purchased from Invitrogen/Life Technologies. Aliphatic amine latex
particles (100 nm diameter, 2% w/v, Product Number: A37358),
express a positive surface charge in Milli-Q grade water. Carboxyl latex
particles (400 nm diameter, 2% w/v, Product Number: C37268)
express a negative surface charge in Milli-Q grade water. All colloidal
suspensions were stored at 4 °C and protected from light. Prior to
deposition, the colloidal suspension was warmed to room temperature
and sonicated for 10 min at level 4.
Exposure to Colloidal Suspension. The polarization patterned

US-PZT was exposed to a colloidal suspension using a double drop
technique. First, a 150 μL drop of Milli-Q water or ionic solution was
deposited onto the surface. Then, a 150 μL drop of colloidal
suspension was pipetted onto the liquid droplet. Gentle mixing was
performed using the micropipet to ensure solution homogeneity. By
prewetting the US-PZT surface, we reduce nonspecific binding of
colloidal particles onto the polarized US-PZT surface. After the desired
exposure time is reached, the US-PZT surface was gently rinsed three
times with Milli-Q grade water and dried with a stream of N2.
Scanning Electron Microscopy Imaging. Clean dry samples of

US-PZT were sputter coated (Denton Desk IV) with 20 nm of gold
prior to scanning electron microscopy (SEM) imaging (FEI XL30
SEM-FEG) at 10 kV. The deposition process was observed with a
Leica DM LFS microscope through an air immersion lens. The
microscope phase contrast was adjusted to optimize imaging of the
US-PZT surface.

■ RESULTS AND DISCUSSION

US-PZT Thin Film Surface. The interaction distance and
strength of interfacial forces in aqueous liquids depend not only
on surface charge characteristics, the ionic strength, and the
material composition but also on surface roughness. Increases
in surface roughness result in a decrease in the interaction force
and an increase in the effective separation distance.49,50

Preparation of ultrasmooth ferroelectric surfaces is thus
necessary for the accurate measurement of electric double
layer forces. Figure 3 presents the surface topography of US-
PZT before and after submersion in Milli-Q grade water for
100 days. The mean surface roughness before and after water
exposure is unchanged and has a value of 2.4 nm over a 25 μm2

area. This demonstrates that, even after extended exposure, the
US-PZT films are structurally stable in Milli-Q grade water.
Reverse imaging of the borosilicate colloidal probe with SPM
revealed a mean surface roughness of about 5 nm over a 25 μm2

area.

Measurement of Electric Double Layer Forces of
Native Ferroelectric Thin Films. Prior to polarization,
CPFM measurements between a freshly annealed (native)
US-PZT surface and a borosilicate colloidal probe were
performed in Milli-Q grade water and in a variety of dilute
electrolyte solutions. As shown in Figure 4, the type of 1:1

electrolyte solution, at constant ionic strength, did not affect the
attractive interaction force or distance between the borosilicate
probe and the native US-PZT surface. This suggests that ion
complexation does not affect the US-PZT surface potential and
that the native, nonpoled US-PZT surface maintains a positive
surface charge in aqueous environments. The positive surface
charge agrees with previous acid/base titration experiments of
lead oxide thin films and other ferroelectric perovskites.51−53

This supports the conclusion that the native surface charge of
the US-PZT arises from protonation of reactive surface sites.
Using a constant potential boundary EDL model, we were able
to determine the surface potential of the native US-PZT surface
in aqueous solutions with different ionic strengths (Table 1).

Measurement of Electric Double Layer Forces of
Polarized Ferroelectric Thin Films. Figure 5 shows force-
separation approach curves for polarized US-PZT with a
negative (Figure 5A) and positive surface charge (Figure 5B)
for a range of NaCl concentrations. The long-range interaction
between the negatively charged colloidal probe and the

Figure 3. AFM contact mode images of our US-PZT surface (A)
before and (B) after 100 days of exposure to Milli-Q grade water. The
mean surface roughness and topography are unchanged. The lines
indicate the location of the height profiles shown below the images.

Figure 4. Force-separation approach curves for native US-PZT in
Milli-Q water and in different types of 0.1 mM electrolyte solution.
Force separation curves are normalized for colloidal probe radius.
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polarized FETF with a negative surface charge was increasingly
repulsive upon approach, until final snap-in occurred at close
range. This long-range repulsive interaction is characteristic for
overlapping EDLs between two like-charged surfaces. Although
the native US-PZT surface has a positive charge, these results
suggest that the polarization induced surface charges dominate
the interaction energy.54 Upon polarization reversal, the US-
PZT has a positive surface charge and as a result its long-range

interaction with the colloidal probe becomes increasingly
attractive. Upon approach, this attractive interaction is
characteristic for overlapping EDLs between oppositely charged
surfaces. For both polarization states, the extent of the EDL
interaction decreased with increasing ionic strength, as expected
with the decreasing Debye length.55−57 At ionic strengths above
10 mM, we were unable to resolve any further changes in the
EDL interactions, because at these electrolyte concentrations,
the Debye length (<2 nm) is smaller than the root-mean-square
(RMS) surface roughness of the US-PZT (∼2.4 nm) and the
colloidal probe (∼5 nm).24 Short-range hydration forces were
also not observed.58,59

In control experiments, we switched the polarization state of
a US-PZT substrate repeatedly from a surface positive to a
surface negative charge state and observed that the EDL
interactions also switched accordingly. These experiments
unequivocally demonstrate that the interaction behavior in
aqueous environments is governed by the polarization state of
the US-PZT films and not the charge state of the reactive
surface sites.
The polarity observed on the US-PZT surface was opposite

that one would have expected if mere charge injection had
occurred. We thus conclude that the US-PZT surface charge is
due to ferroelectric polarization.
We acquired XPS spectra before and after polarization to

detect any polarization-induced surface chemical changes (e.g.,
oxidation or reduction) of the US-PZT thin film. Specifically,
the binding energies of the oxygen 1s and the lead 4f peaks are
sensitive to changes in the chemical bonding structure at the
PZT surface.17 Figure 6 presents high-resolution XPS spectra of
the oxygen 1s and lead 4f regions region before and after
polarization. Deconvolution of the oxygen 1s envelope reveals
three binding moieties, which have been attributed to (I)
adsorbed carbon containing species (e.g., −CO or −CO2), (II)
adsorbed oxygen, and (III) PbO.60 Figure 6A shows that there
is no significant change in the composition of oxygen binding
moieties between the three samples. Furthermore, no
significant difference in the doublet binding energy of the
lead 2p envelope is apparent (Figure 6B). Taken together, these
observations show that the chemical structure in the three
samples does not change, which suggests that polarization does
not induce appreciable changes in the chemical composition of
the US-PZT surfaces.
To further demonstrate that the measured interaction forces

primarily depend on the polarization state of the US-PZT, we

Table 1. Average Fitted Values for a Constant Potential Boundary Condition EDL Model to CPFM Force-Separation Approach
Curves for Polarized US-PZT in a Range of NaCl Electrolyte Solutions

concentration
(mM)

measured Kappa−1

(nm) Kappa−1 (nm) OHP potential (mV)
OHP charge
(μC/cm−2) IHP potential (mV) IHP charge (μC/cm−2)

Polarized US-PZT to Express a Negative Surface Charge
0.01 ± 0.001 137.7 ± 0.5 129.8 ± 4.3 −63.8 ± 2.0 −0.035 ± 0.0006 −362 ± 2.0 −16.4 ± 0.001
0.1 ± 0.001 43.4 ± 0.02 34.8 ± 9.2 −37.0 ± 3.2 −0.081 ± 0.03 −334 ± 3.2 −16.5 ± 0.03
1.0 ± 0.1 14.6 ± 0.01 15.3 ± 8.5 −13.2 ± 3.6 −0.073 ± 0.03 −311 ± 3.6 −16.4 ± 0.03

Polarized US-PZT to Express a Positive Surface Charge
0.01 ± 0.001 137.7 ± 0.5 83.1 ± 19.4 42.5 ± 0.6 0.005 ± 0.01 331 ± 0.6 15.9 ± 0.01
0.1 ± 0.001 43.4 ± 0.02 35.9 ± 5.9 32.0 ± 0.02 0.065 ± 0.01 320 ± 0.02 15.9 ± 0.01
1.0 ± 0.1 14.6 ± 0.01 13.2 ± 1.6 4.0 ± 0.8 0.02 ± 0.002 293 ± 0.8 15.9 ± 0.002

Native US-PZT
0.01 ± 0.001 137.7 ± 0.5 194.9 ± 18.9 39.6 ± 2.9 0.014 ± 0.002
0.1 ± 0.001 43.4 ± 0.02 29.8 ± 13.3 31.8 ± 1.4 0.092 ± 0.06
1.0 ± 0.1 14.6 ± 0.01 10.4 ± 0.7 22.9 ± 3.6 0.156 ± 0.03

Figure 5. Force-separation approach curves for (A) a polarized US-
PZT with a negative surface charge and (B) a polarized US-PZT with a
positive surface charge, measured for a range of ionic strengths. The
solid lines represent the best fit to the data calculated using a constant
potential EDL model. Fitting values are shown in Table 1. A
semilogarithmic plot for force-separation approach curve A is included
in the Supporting Information.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am3031954 | ACS Appl. Mater. Interfaces 2013, 5, 2610−26172614



used CPFM experiments to test the effect of grounding the
bottom platinum electrode of the US-PZT sample, which is
expected to remove the free charge carriers on the bottom
surface (see Supporting Information). While isolated from
ground, the force-separation approach curves for native and
polarized US-PZT with a negative surface charge reflect that the
ferroelectric polarization state controls the EDL interaction
force. Upon grounding, however, we observe that the effects of
the polarization are removed and that the interaction again
resembles that of native US-PZT. This effect is expected
because of the small aspect ratio of the vertically polarized
region within the US-PZT thin film. By grounding the bottom
electrode, the free charges present in the metal, that were
compensating the polarization charges at the bottom surface of
the FETF, were drained and the remnant-field propagating
from the polarized FETF became effectively negligible. Both
the results of the XPS measurements and the disappearance of
the EDL repulsion upon grounding demonstrate that the
electric field propagating from the polarized FETF into the fluid
results from the uncompensated charges present at the top
surface of the ferroelectric (σF).
Electric Double Layer Modeling of Polarized US-PZT

Surfaces. The measured force-separation approach curves
between the polarized US-PZT surface and the colloidal probe
were fitted to EDL theory using a constant potential boundary
condition with a linearized Poisson−Boltzmann equation
(Table 1). The theoretically predicted OHP potentials agree
with values reported for metal oxide surfaces in aqueous
environments.55 Deviations of the theoretical fits from
experimental results occur at small separation distances,
which is common for EDL interaction force equations derived
from a linearized Poisson−Boltmann equation.24 The fitted
Debye lengths agree reasonably well those derived from the
experimentally measured solution ionic strengths. Differences at
low ionic strength may be attributed to water evaporation
during measurement and experimental error. Previous work
indicates that a Stern layer is present above polarized FETFs in
both air and liquid.6,23,61−63 The Stern layer can be composed
of mobile surface charges, in the form or adsorbents (e.g., water
or contaminants) or free charge carriers (e.g., oxygen vacancies
or unit cell defect sites) on the surface.64 By assuming the
presence of a Stern layer, we calculated the IHP surface charge
density of the US-PZT films. Using a linear capacitance across a

condensed counterion layer,24 we calculate IHP surface charge
densities of −16.4 and 15.8 μC cm−2. These values agree well
with the independently measured remnant polarization values
of our US-PZT of −16.3 and 15.3 μC cm−2 for both
polarization states, respectively. The near symmetry in the
magnitude of the surface charge density and the change in sign
reflect the ability to switch the surface charge state of the FETF
through polarization, thereby altering the probe−surface
interactions.

Electric Double Layer Model Limitations. Although the
force-separation approach curves were best fit by a constant
potential boundary condition EDL model, charge-regulation
processes may occur at the surface. Specifically, our use of a
Stern layer to model the interaction force between a polarized
FETF and a charged colloidal probe in solution may require the
consideration of free charge carriers. Previous reports have
supported that mobile charge carriers within the FETF may be
capable of responding to externally applied electric fields.6,7,62

Alternatively, the presence of a Stern layer has been shown
capable of charge regulation.44,59,65,66 To better model the
effects of a charge regulation process, we have also fitted the
measured force-separation approach curves using a linear-
charge regulation model (see Supporting Information).66 Our
fitting results confirm that the US-PZT surface is charge
regulating and that the IHP charge density matches the
independently measured ferroelectric charge density. Overall,
however, we find that the quality of fit between a charge
regulation and a constant potential boundary condition EDL
model are comparable, supporting the use of a constant
potential boundary condition EDL model and the presence of a
Stern layer.

Effects of Surface Roughness. Interfacial roughness on
the US-PZT and colloidal probe can also decrease the
measured interaction force in dilute electrolyte solutions and
lead to under-prediction of the true surface charge
density.50,67,68 Even though our US-PZT thin films have a
mean surface roughness of only 2.4 nm, the probe surface
roughness was about 5 nm. The domain structure of a FETF
results in nanoscale surface asperities (i.e., roughness) that
increases the effective separation distance between surfaces and
thus reduces the measured interfacial forces.69,49 As such,
domain size and crystallographic orientation are important
considerations in integrating polarized FETFs for interfacial
sensing applications in aqueous environments.

US-PZT Thin Films Stability at Low pH. We found that
prolonged exposure of the native US-PZT surface to acidic
solutions (pH < 4.2) induced a change from long-range
attraction to long-range repulsion (Figure 7). Some interfacial
softening was also observed (data not shown). Interfacial
softening has been associated with the formation of a hydration
layer on oxide surfaces.70−73 The inversion of the interaction
force observed here indicates a change in the chemical structure
of the US-PZT surface.51 This is consistent with reports of
interfacial degradation of PZT after exposure to water
vapor.17,74 Furthermore, simple-oxide thin films have a lower
point-of-zero charge, which may be responsible for the
observed negative potential when placed in dilute electrolyte
solutions.57,75 Therefore, possible degradation of perovskite-
structured ferroelectrics in high or low pH solutions needs to
be considered further.

Guided Deposition of Charged Colloidal Particles
Using Ferroelectrically-Induced Charge Patterns on US-
PZT. To further demonstrate the ability for polarized US-PZT

Figure 6. High resolution XPS spectra for (A) oxygen 1s and (B) lead
4f regions.
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to control EDL interaction forces, we demonstrate the guided
deposition of charged colloidal particles onto ferroelectrically
induced surface charge patterns. Using a copper TEM grid, we
locally polarized the US-PZT to have a negative surface charge.
The nonpolarized regions of the US-PZT maintained a positive
surface charge due to the native oxide surface. Figures 8A and B

show SEM images of the locally polarized US-PZT surface after
incubation for 3 h with negatively charged colloidal latex
particles (400 nm diameter) suspended in Milli-Q grade water.
Figures 8C and D show SEM images of the locally polarized
US-PZT surface after incubation for 3 h with positively charged
colloidal latex particles (100 nm diameter) suspended in Milli-
Q grade water. In both cases, we find that exposure of the
charge-heterogeneous US-PZT surface to charged colloidal
particles resulted in the charge selective deposition of the
colloidal particles. Charge selective deposition patterns were
absent when the US-PZT thin film was not polarized. However,
some nonspecific deposition to like-charged regions of the US-
PZT were observed, most likely arising during sample rinsing
after particle deposition. Together, these observations demon-
strate that the polarization state of the US-PZT is responsible

for the charge selective deposition of colloidal particles and
suggest that polarized FETFs can be used for charge-templated
assembly applications.

■ CONCLUSIONS
We present the first study of an EDL induced by polarized
ferroelectric US-PZT in dilute ionic solutions. We show that
the surface charge density expressed by the ferroelectric
polarization US-PZT thin films dominates over the native
oxide surface. The ability to switch the polarization state of
ferroelectric materials, i.e., switching their surface charge
without altering other surface properties, makes this system
attractive for isolating the effect of EDLs in the study of
interfacial forces. The measured force-separation curves fit well
to predictions by EDL theory using a constant potential
boundary condition. With this model, we were able to
determine the surface potential at the OHP for polarized US-
PZT. Inclusion of a condensed Stern layer resulted in a match
between the measured ferroelectric remnant polarization charge
density and the calculated IHP charge density. Finally, we
demonstrate the selective deposition of charged colloidal
particles onto oppositely charged regions of our ferroelectric
US-PZT. Our results are the first to quantify the interactions
between polarized FETFs and colloidal materials and highlight
the potential of FETFs for applications in guided deposition
and interfacial sensing devices.
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