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PZT	
  in	
  H2SO4:	
  Mo'va'on	
  

  Remote,	
  self-­‐powered	
  sensors	
  for	
  extreme	
  environments	
  

  Chemical	
  processing	
  plants,	
  down-­‐hole	
  oil	
  wells	
  

  High	
  pressure,	
  high	
  temperature,	
  low	
  pH:	
  no	
  wires!	
  

How does PZT interact with acidic,  
aqueous environments? 
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PbZr0.52Ti0.48O3	
  

  Ferroelectrics possess a reversible, thermodynamically 
stable surface charge. 
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PZT perovskite crystal structure. 
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Why	
  PbZr0.52Ti0.48O3?	
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  Morphotropic phase boundary 

  Increased piezoelectric performance 

Tetragonal Rhombohedral 

PZT 52/48 

PZT 52/48 
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PbTiO3 PbZrO3 

B. Jaffe, W. Cook and H. Jaffe, Piezoelectric Ceramics (Academic Press, New York, 1971) 



1. G. Brennecka, C. Parish, B. Tuttle and L. Brewer, J. Mater. Res., 23, 176-81 (2008)!
2. B.A. Tuttle and R.W. Schwartz; MRS Bulletin (1996)!

Zr(OBu)4·∙BuOH	
  +	
  Ti(OiPr)4	
  
	
  Blend	
  5	
  min	
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Sol-­‐Gel	
  PZT	
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  Dense columnar microstructure 

  Random orientation 

  Zero bias relative permittivity ~1200 

  Resistivity: 1013 Ωcm at 1.5 V 

  Remanent polarization: 32 µC/cm2 

1 kHz 
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(A) Cross sectional and  
(B) Plan-view SEM images 



Microdroplet	
  Cell	
  

� �

  LabView-controlled 

  Automated droplet  
positioning, dispensing, testing 

  Stage with programmable 
temperature control 

  PTFE needle 

L. Small, C. Apblett, A. Cook, J.F. Ihlefeld, G. Brennecka, and D. Duquette, 
J. Electrochem. Soc., 159 (2012) F87-F90.  7	
  



Measurement	
  Automa'on	
  

0.0 0.5 1.51.0

−1.5

−1.0

−0.5

0.0

0.5

Working Potential vs. SHE / V  

C
ur

re
nt

 D
en

si
ty

 / 
(m

A 
cm

−2
)

 

 

standard cell
electrochemical probe station

Platinum in 1 N H2SO4, 100 mV/s 

4.0% variability of hydrogen adsorbed onto thin  
film Pt in 1 N H2SO4.  0.25 mm2 contact area. 

L. Small, A. Cook, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 159 (2012) F87-F90.  8	
  



Con'nuous	
  PZT:	
  Ferroelectric	
  Hysteresis	
  

−2 −1 0 1 2
−40

−20

0

20

40

Potential / V
Fe

rro
el

ec
tri

c 
Po

la
riz

at
io

n 
/ (
µ

C
  c

m
−2

)

Pt−PZT−PtPt−PZT−H2SO4

50 nm PZT, 3 Hz, 1 N H2SO4 

L. Small, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 159 (2012) C357-C363.  
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decreasing thickness

360, 300, 270, 200, 160, 100, 50 nm  
PZT in 1 N H2SO4 
100 mV/s 
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Con'nuous	
  PZT	
  –	
  Solu'on	
  Interface	
  

Position 

Ferroelectric surface  
charge, σ, creates potential 
difference across 
PZT-solution interface. 
 
 
 
 
 
 
Us~55 mV for 20 µC/cm2 
 

εH2O= 80 
d    =  0.4 nm 
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Derived from S. Kalinin and D. Bonnell, Phys. Rev. B, 63 (2001) 125411. 

Us =
σεPZTd

2ε0εH2O (1+εPZT )

PZT controls the interface! 
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Microstructural	
  Evolu'on	
  
0 hr 1 hr 

12 hr 24 hr 

1 hr - pore 

48 hr 

PZT film held in 0.1 N H2SO4 at 550 mV vs. SHE 

L. Small, M. Brumbach, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 160 (2013) C128-C135.  
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X-­‐Ray	
  Diffrac'on	
  at	
  48	
  Hours	
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θ-2θ scans from PZT held for 48 hours in 0.1 N H2SO4. 

  All 48 hour samples 
except 1420 mV  
show crystalline PbSO4. 

  No other new phases 

L. Small, M. Brumbach, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 160 (2013) C128-C135.  
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PbSO4	
  Crystal	
  Forma'on	
  

Plan-view SEM micrographs: (left) secondary electron image   
(right) visible light image. 

PZT surface after 48 hours in 0.1 N H2SO4 at 550 mV vs. SHE  

!"#$%#

L. Small, M. Brumbach, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 160 (2013) C128-C135.  
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Applied Potential vs. SHE / mV
        1420
        550
        245
        20
        open circuit

  Etch rate independent of 
applied potential 

  2.8 nm/hr average 

  No electron transfer 
process present 

L. Small, M. Brumbach, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 160 (2013) C128-C135.  
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EIS	
  Model	
  Development	
  

Pore growth 

Gas Evolution 

IL Formation 

Journal of The Electrochemical Society, 160 (3) C128-C135 (2013) C131

Figure 6. (Left) Schematic of circuit models A-C used in impedance analysis
and (right) corresponding SEM cross sections for a PZT 52/48 film held at
245 mV vs. SHE. “IL” denotes the interfacial layer. All micrographs have the
same scale.

The circuits A-C represent the evolution of the PZT-solution inter-
face over time. Circuit A represents PZT where the area-fraction of
pores is not large enough to influence the overall impedance response.
Rs signifies the solution resistance, WIL represents a Warburg element
characteristic of a diffusion process occurring in the interfacial layer,
CPEPZT is a constant phase element (CPE) representative of the PZT
film capacitance, and RPZT relates the electrical resistance through
the PZT film. Once the total area fraction of pores has increased to
a certain value, the response is best characterized by circuit B, at
intermediate potentials, or circuit C, at extreme potentials. Here Rp
signifies the solution resistance in the pores, while Wp relates a War-
burg element related to interfacial layer formation in the pores. It is
not clear whether this process necessarily occurs at the platinum-PZT-
electrolyte interface and/or at the PZT-solution interface. At 20 mV or
1420 mV vs. SHE, hydrogen-adsorption or O2 evolution, respectively,
is expected through the PZT pores on the exposed platinum bottom
electrode.24 Here circuit C is applied. CDL and RDL represent the dou-
ble layer capacitance and charge transfer resistance, respectively, of
the platinum-solution interface.

In all circuits, the electrochemical double layer capacitance of the
PZT-solution interface is absent. Because the capacitance of PZT (∼1
µF/cm2) is at least an order of magnitude smaller than that expected for
electrochemical double layers (∼50 µF/cm2), the series capacitance
of the PZT-solution double layer contributes negligibly to the overall
electrical response.4

With a complex nonlinear least squares fitting method provided in
the software Z-plot (Scribner Associates, South Pines, NC, USA), the
circuits A-C were fit to all impedance data using a semi-automated
batch fitting routine (>2,000 total spectra). The circuit models fit for
a given applied potential and time under test can be seen in Figure 7,
and a characteristic Bode plot of the data from a film held at OCP may
be seen in Figure 8. Across all data, χ2 was less than 0.01, usually
10−3–10−4. For most circuit elements, the uncertainty on fitting in-
dividual elements was less than 5%, however, errors arising from
nonideal starting conditions in the automated fitting routine some-
times pushed errors as high as 20%. Upon investigation of individual
impedance spectra, it was usually possible to reduce the error to less
than 10%. The change from one circuit model to another was gradual;
over a 1 hour period two circuits could usually be fit with reasonable
quality. The circuit with the best fit has been provided in Figure 7.
After the approximately 1 hour of overlap time, multiple circuits could
not be fit to a given region without either poor fit (χ2 > 0.01), and/or

Figure 7. Plot of when each circuit (A-C) from Figure 6 was fitted to
impedance spectra from PZT 52/48 films exposed to 0.1 N H2SO4 at vari-
ous potentials.

large fitting errors on individual elements. The amount of time re-
quired for the impedance response to progress from circuit A to B or
C is attributed to variation in the initial amount of exposed platinum
caused by the distribution of pores and cracks throughout the PZT
films. 48 hours was not enough time for the pores to dominate the
impedance spectra of the film held at 245 mV and plotted in Figure 7.

Impedance data for films held at 20 mV has been avoided, as
the TiOx adhesion layer was dissolved for the 48 hour sample after
30 hours under test. This result may be expected, as the equilibrium
potential between TiO2 and Ti3+ at pH = 1.4 is just noble of H2
evolution.8 Additional tests have shown TiOx dissolution occurs not
only at the substrate edge, but also through permeation of electrolyte
through the PZT pores and the 100 nm thick platinum film. Thus, the
choice of adhesion layer will influence the operating range of PZT
films.

A characteristic progression of the individual circuit elements ver-
sus time is shown in Figure 9 for a PZT 52/48 film held at 1420 mV
vs. SHE for 48 hours. All values in Figure 8 have been scaled by the
total area of PZT film exposed to solution. Rs remained constant at
about 25 !; for brevity it has been omitted from Figure 9. Over the
first three hours, the value of WIL increased until reaching a stable
value of about 0.61 s1/2 k!−1 cm−2. This increase is attributed to the
formation of the interfacial layer in PZT and the increased diffusion
length, as exemplified in the cross sections in Figure 6 for circuit A at
0 hours (unexposed to acid) and 24 hours for a film held at 245 mV
vs. SHE. For lead metal in sulfuric acid, it is known that a PbO layer
forms, through which lead ions are transported to the PbO-electrolyte
interface, precipitating PbSO4.25–27 Based on the microstructural ob-
servations, it appears that a similar process is occurring in this PZT
system.

Over the frequency range investigated, no low-frequency response
consistent with a finite diffusion length was observed for WIL. An
infinite diffusion length was assumed, and WIL was fitted to the data

Figure 8. Evolution of impedance response with exposure time at open circuit
potential for a PZT 52/48 film.

L. Small, M. Brumbach, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 160 (2013) C128-C135.  
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EIS	
  of	
  All	
  Samples	
  

  All start as circuit A – PZT with IL growing 

  Circuit B – pore growth, diffusion-limited 
process in pore 

  Circuit C – oxygen evolution at pores/platinum 
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L. Small, M. Brumbach, C. Apblett, J.F. Ihlefeld, G. Brennecka, and D. Duquette, J. Electrochem. Soc., 160 (2013) C128-C135.  
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Figure 6. (Left) Schematic of circuit models A-C used in impedance analysis
and (right) corresponding SEM cross sections for a PZT 52/48 film held at
245 mV vs. SHE. “IL” denotes the interfacial layer. All micrographs have the
same scale.

The circuits A-C represent the evolution of the PZT-solution inter-
face over time. Circuit A represents PZT where the area-fraction of
pores is not large enough to influence the overall impedance response.
Rs signifies the solution resistance, WIL represents a Warburg element
characteristic of a diffusion process occurring in the interfacial layer,
CPEPZT is a constant phase element (CPE) representative of the PZT
film capacitance, and RPZT relates the electrical resistance through
the PZT film. Once the total area fraction of pores has increased to
a certain value, the response is best characterized by circuit B, at
intermediate potentials, or circuit C, at extreme potentials. Here Rp
signifies the solution resistance in the pores, while Wp relates a War-
burg element related to interfacial layer formation in the pores. It is
not clear whether this process necessarily occurs at the platinum-PZT-
electrolyte interface and/or at the PZT-solution interface. At 20 mV or
1420 mV vs. SHE, hydrogen-adsorption or O2 evolution, respectively,
is expected through the PZT pores on the exposed platinum bottom
electrode.24 Here circuit C is applied. CDL and RDL represent the dou-
ble layer capacitance and charge transfer resistance, respectively, of
the platinum-solution interface.

In all circuits, the electrochemical double layer capacitance of the
PZT-solution interface is absent. Because the capacitance of PZT (∼1
µF/cm2) is at least an order of magnitude smaller than that expected for
electrochemical double layers (∼50 µF/cm2), the series capacitance
of the PZT-solution double layer contributes negligibly to the overall
electrical response.4

With a complex nonlinear least squares fitting method provided in
the software Z-plot (Scribner Associates, South Pines, NC, USA), the
circuits A-C were fit to all impedance data using a semi-automated
batch fitting routine (>2,000 total spectra). The circuit models fit for
a given applied potential and time under test can be seen in Figure 7,
and a characteristic Bode plot of the data from a film held at OCP may
be seen in Figure 8. Across all data, χ2 was less than 0.01, usually
10−3–10−4. For most circuit elements, the uncertainty on fitting in-
dividual elements was less than 5%, however, errors arising from
nonideal starting conditions in the automated fitting routine some-
times pushed errors as high as 20%. Upon investigation of individual
impedance spectra, it was usually possible to reduce the error to less
than 10%. The change from one circuit model to another was gradual;
over a 1 hour period two circuits could usually be fit with reasonable
quality. The circuit with the best fit has been provided in Figure 7.
After the approximately 1 hour of overlap time, multiple circuits could
not be fit to a given region without either poor fit (χ2 > 0.01), and/or

Figure 7. Plot of when each circuit (A-C) from Figure 6 was fitted to
impedance spectra from PZT 52/48 films exposed to 0.1 N H2SO4 at vari-
ous potentials.

large fitting errors on individual elements. The amount of time re-
quired for the impedance response to progress from circuit A to B or
C is attributed to variation in the initial amount of exposed platinum
caused by the distribution of pores and cracks throughout the PZT
films. 48 hours was not enough time for the pores to dominate the
impedance spectra of the film held at 245 mV and plotted in Figure 7.

Impedance data for films held at 20 mV has been avoided, as
the TiOx adhesion layer was dissolved for the 48 hour sample after
30 hours under test. This result may be expected, as the equilibrium
potential between TiO2 and Ti3+ at pH = 1.4 is just noble of H2
evolution.8 Additional tests have shown TiOx dissolution occurs not
only at the substrate edge, but also through permeation of electrolyte
through the PZT pores and the 100 nm thick platinum film. Thus, the
choice of adhesion layer will influence the operating range of PZT
films.

A characteristic progression of the individual circuit elements ver-
sus time is shown in Figure 9 for a PZT 52/48 film held at 1420 mV
vs. SHE for 48 hours. All values in Figure 8 have been scaled by the
total area of PZT film exposed to solution. Rs remained constant at
about 25 !; for brevity it has been omitted from Figure 9. Over the
first three hours, the value of WIL increased until reaching a stable
value of about 0.61 s1/2 k!−1 cm−2. This increase is attributed to the
formation of the interfacial layer in PZT and the increased diffusion
length, as exemplified in the cross sections in Figure 6 for circuit A at
0 hours (unexposed to acid) and 24 hours for a film held at 245 mV
vs. SHE. For lead metal in sulfuric acid, it is known that a PbO layer
forms, through which lead ions are transported to the PbO-electrolyte
interface, precipitating PbSO4.25–27 Based on the microstructural ob-
servations, it appears that a similar process is occurring in this PZT
system.

Over the frequency range investigated, no low-frequency response
consistent with a finite diffusion length was observed for WIL. An
infinite diffusion length was assumed, and WIL was fitted to the data

Figure 8. Evolution of impedance response with exposure time at open circuit
potential for a PZT 52/48 film.
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Circuit	
  Elements	
  vs.	
  Time	
  
	
  1420	
  mV	
  vs.	
  SHE	
  

  WIL grows over the first 2 hours, 
reaches stable value. 

  CPEPZT linearly increases with 
time, as expected for decreasing 
film thickness. 

  Rp decreases with increasing 
pore size 

Journal of The Electrochemical Society, 160 (3) C128-C135 (2013) C131

Figure 6. (Left) Schematic of circuit models A-C used in impedance analysis
and (right) corresponding SEM cross sections for a PZT 52/48 film held at
245 mV vs. SHE. “IL” denotes the interfacial layer. All micrographs have the
same scale.

The circuits A-C represent the evolution of the PZT-solution inter-
face over time. Circuit A represents PZT where the area-fraction of
pores is not large enough to influence the overall impedance response.
Rs signifies the solution resistance, WIL represents a Warburg element
characteristic of a diffusion process occurring in the interfacial layer,
CPEPZT is a constant phase element (CPE) representative of the PZT
film capacitance, and RPZT relates the electrical resistance through
the PZT film. Once the total area fraction of pores has increased to
a certain value, the response is best characterized by circuit B, at
intermediate potentials, or circuit C, at extreme potentials. Here Rp
signifies the solution resistance in the pores, while Wp relates a War-
burg element related to interfacial layer formation in the pores. It is
not clear whether this process necessarily occurs at the platinum-PZT-
electrolyte interface and/or at the PZT-solution interface. At 20 mV or
1420 mV vs. SHE, hydrogen-adsorption or O2 evolution, respectively,
is expected through the PZT pores on the exposed platinum bottom
electrode.24 Here circuit C is applied. CDL and RDL represent the dou-
ble layer capacitance and charge transfer resistance, respectively, of
the platinum-solution interface.

In all circuits, the electrochemical double layer capacitance of the
PZT-solution interface is absent. Because the capacitance of PZT (∼1
µF/cm2) is at least an order of magnitude smaller than that expected for
electrochemical double layers (∼50 µF/cm2), the series capacitance
of the PZT-solution double layer contributes negligibly to the overall
electrical response.4

With a complex nonlinear least squares fitting method provided in
the software Z-plot (Scribner Associates, South Pines, NC, USA), the
circuits A-C were fit to all impedance data using a semi-automated
batch fitting routine (>2,000 total spectra). The circuit models fit for
a given applied potential and time under test can be seen in Figure 7,
and a characteristic Bode plot of the data from a film held at OCP may
be seen in Figure 8. Across all data, χ2 was less than 0.01, usually
10−3–10−4. For most circuit elements, the uncertainty on fitting in-
dividual elements was less than 5%, however, errors arising from
nonideal starting conditions in the automated fitting routine some-
times pushed errors as high as 20%. Upon investigation of individual
impedance spectra, it was usually possible to reduce the error to less
than 10%. The change from one circuit model to another was gradual;
over a 1 hour period two circuits could usually be fit with reasonable
quality. The circuit with the best fit has been provided in Figure 7.
After the approximately 1 hour of overlap time, multiple circuits could
not be fit to a given region without either poor fit (χ2 > 0.01), and/or

Figure 7. Plot of when each circuit (A-C) from Figure 6 was fitted to
impedance spectra from PZT 52/48 films exposed to 0.1 N H2SO4 at vari-
ous potentials.

large fitting errors on individual elements. The amount of time re-
quired for the impedance response to progress from circuit A to B or
C is attributed to variation in the initial amount of exposed platinum
caused by the distribution of pores and cracks throughout the PZT
films. 48 hours was not enough time for the pores to dominate the
impedance spectra of the film held at 245 mV and plotted in Figure 7.

Impedance data for films held at 20 mV has been avoided, as
the TiOx adhesion layer was dissolved for the 48 hour sample after
30 hours under test. This result may be expected, as the equilibrium
potential between TiO2 and Ti3+ at pH = 1.4 is just noble of H2
evolution.8 Additional tests have shown TiOx dissolution occurs not
only at the substrate edge, but also through permeation of electrolyte
through the PZT pores and the 100 nm thick platinum film. Thus, the
choice of adhesion layer will influence the operating range of PZT
films.

A characteristic progression of the individual circuit elements ver-
sus time is shown in Figure 9 for a PZT 52/48 film held at 1420 mV
vs. SHE for 48 hours. All values in Figure 8 have been scaled by the
total area of PZT film exposed to solution. Rs remained constant at
about 25 !; for brevity it has been omitted from Figure 9. Over the
first three hours, the value of WIL increased until reaching a stable
value of about 0.61 s1/2 k!−1 cm−2. This increase is attributed to the
formation of the interfacial layer in PZT and the increased diffusion
length, as exemplified in the cross sections in Figure 6 for circuit A at
0 hours (unexposed to acid) and 24 hours for a film held at 245 mV
vs. SHE. For lead metal in sulfuric acid, it is known that a PbO layer
forms, through which lead ions are transported to the PbO-electrolyte
interface, precipitating PbSO4.25–27 Based on the microstructural ob-
servations, it appears that a similar process is occurring in this PZT
system.

Over the frequency range investigated, no low-frequency response
consistent with a finite diffusion length was observed for WIL. An
infinite diffusion length was assumed, and WIL was fitted to the data

Figure 8. Evolution of impedance response with exposure time at open circuit
potential for a PZT 52/48 film.
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Figure 6. (Left) Schematic of circuit models A-C used in impedance analysis
and (right) corresponding SEM cross sections for a PZT 52/48 film held at
245 mV vs. SHE. “IL” denotes the interfacial layer. All micrographs have the
same scale.

The circuits A-C represent the evolution of the PZT-solution inter-
face over time. Circuit A represents PZT where the area-fraction of
pores is not large enough to influence the overall impedance response.
Rs signifies the solution resistance, WIL represents a Warburg element
characteristic of a diffusion process occurring in the interfacial layer,
CPEPZT is a constant phase element (CPE) representative of the PZT
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the PZT film. Once the total area fraction of pores has increased to
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of the PZT-solution double layer contributes negligibly to the overall
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10−3–10−4. For most circuit elements, the uncertainty on fitting in-
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nonideal starting conditions in the automated fitting routine some-
times pushed errors as high as 20%. Upon investigation of individual
impedance spectra, it was usually possible to reduce the error to less
than 10%. The change from one circuit model to another was gradual;
over a 1 hour period two circuits could usually be fit with reasonable
quality. The circuit with the best fit has been provided in Figure 7.
After the approximately 1 hour of overlap time, multiple circuits could
not be fit to a given region without either poor fit (χ2 > 0.01), and/or

Figure 7. Plot of when each circuit (A-C) from Figure 6 was fitted to
impedance spectra from PZT 52/48 films exposed to 0.1 N H2SO4 at vari-
ous potentials.

large fitting errors on individual elements. The amount of time re-
quired for the impedance response to progress from circuit A to B or
C is attributed to variation in the initial amount of exposed platinum
caused by the distribution of pores and cracks throughout the PZT
films. 48 hours was not enough time for the pores to dominate the
impedance spectra of the film held at 245 mV and plotted in Figure 7.

Impedance data for films held at 20 mV has been avoided, as
the TiOx adhesion layer was dissolved for the 48 hour sample after
30 hours under test. This result may be expected, as the equilibrium
potential between TiO2 and Ti3+ at pH = 1.4 is just noble of H2
evolution.8 Additional tests have shown TiOx dissolution occurs not
only at the substrate edge, but also through permeation of electrolyte
through the PZT pores and the 100 nm thick platinum film. Thus, the
choice of adhesion layer will influence the operating range of PZT
films.

A characteristic progression of the individual circuit elements ver-
sus time is shown in Figure 9 for a PZT 52/48 film held at 1420 mV
vs. SHE for 48 hours. All values in Figure 8 have been scaled by the
total area of PZT film exposed to solution. Rs remained constant at
about 25 !; for brevity it has been omitted from Figure 9. Over the
first three hours, the value of WIL increased until reaching a stable
value of about 0.61 s1/2 k!−1 cm−2. This increase is attributed to the
formation of the interfacial layer in PZT and the increased diffusion
length, as exemplified in the cross sections in Figure 6 for circuit A at
0 hours (unexposed to acid) and 24 hours for a film held at 245 mV
vs. SHE. For lead metal in sulfuric acid, it is known that a PbO layer
forms, through which lead ions are transported to the PbO-electrolyte
interface, precipitating PbSO4.25–27 Based on the microstructural ob-
servations, it appears that a similar process is occurring in this PZT
system.

Over the frequency range investigated, no low-frequency response
consistent with a finite diffusion length was observed for WIL. An
infinite diffusion length was assumed, and WIL was fitted to the data

Figure 8. Evolution of impedance response with exposure time at open circuit
potential for a PZT 52/48 film.
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Point Defect Model (PDM) to explain the observed results [22–24].

The most obvious di⇥erence between the PDM and the PZT system is that the base

metal which PZT is “protecting” is dissimilar from the PZT; oxidation of platinum will not

grow a PZT film. Further, the electrical resistivity of PZT is exceedingly high, 1013 �·cm,

compared to anodic films of iron or chromium, which are often electrically conductive.

From the observations in this paper, we propose the following mechanism for chemical

attack of PZT in 0.1 N H2SO4. Below, the detailed Kroger-Vink notation is used to clarify

oxidation states.

1. Hydrolysis of PbO, Schottky pair formation:

(Pb2+
Pb2+)

x + (O2�
O2�)x + H2O �

Pb2+(aq) + 2OH� + (VO2�)•• + (VPb2+)⇥⇥

2. PbSO4 formation:

Pb2+(aq) + SO2�
4 (aq) � PbSO4(s)

3. Attack of surface VO2� left by PbO hydrolysis:

SO2�
4 (aq) + (VO2�)•• �

⇣
(SO2�

4 )O2�

⌘x

4. Sulfated-zirconia species formation:

(Zr4+Zr4+)
x + (O2�

O2�)x +
⇣
(SO2�

4 )O2�

⌘x

� ZrO(SO4) + 2(VO2�)•• + (VZr4+)⇥⇥⇥⇥

5. Dissolution of Zr and Ti-containing species:

ZrO(SO4) + SO2�
4 (aq) + H2O � Zr(SO4)2 (aq) + 2OH�

(Ti4+T i4+)
x + (O2�

O2�)x � TiO2+(aq) + (VO2�)•• + (VT i4+)⇥⇥⇥⇥

6. Surface vacancy annihilation:

(VPb2+)⇥⇥ + 0.52(VZr4+)⇥⇥⇥⇥ + 0.48(VT i4+)⇥⇥⇥⇥ + 3(VO2�)•• � Ø

First, PbO reacts with water to form Pb2+. Using ICP-MS, lead was detected in solution

at concentrations only a factor of 2-3 less than those of titanium or zirconium. Thus, it

is unlikely that lead directly reacts to form relatively insoluble PbSO4. For PbO anodi-

cally grown on lead, Guo has shown that PbSO4 forms by a dissolution-deposition process

consistent with reactions 1 and 2 [13].

Di⇥usion of lead ions through the interfacial layer and into solution likely drives the

growth of large PbSO4 crystals, as observed in Figure 2. This process also leaves the PZT
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! "&!

Point Defect Model (PDM) to explain the observed results [22–24].

The most obvious di⇥erence between the PDM and the PZT system is that the base

metal which PZT is “protecting” is dissimilar from the PZT; oxidation of platinum will not

grow a PZT film. Further, the electrical resistivity of PZT is exceedingly high, 1013 �·cm,
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PbO anodically grown on lead, Guo has shown that PbSO4 forms by a dissolution-deposition 

process consistent with reactions 1 and 2 [19, 21]. 
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process consistent with reactions 1 and 2 [19, 21]. 

 Diffusion of lead ions through the interfacial layer and into solution likely drives the growth 

of large PbSO4 crystals, as observed in Figure 3. This process also leaves the PZT surface 

lead-deficient and rich in oxygen vacancies. Sulfate ions at the PZT-solution interface will be 

attracted to the positively charged oxygen vacancies. Indeed, XPS analysis points to the 

formation of Zr-SO4 bonds. No new peaks were observed in the titanium spectra; it appears that 
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  Process	
  

PZT 

platinum 

  PbO hydrolysis 
  PbSO4 formation 
  SO4

2- attacks oxygen vacancy, bonds with Zr 

PbSO4 

(VO)2+ (VPb)2- 

SO4
2- 
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Point Defect Model (PDM) to explain the observed results [22–24].

The most obvious di⇥erence between the PDM and the PZT system is that the base

metal which PZT is “protecting” is dissimilar from the PZT; oxidation of platinum will not

grow a PZT film. Further, the electrical resistivity of PZT is exceedingly high, 1013 �·cm,

compared to anodic films of iron or chromium, which are often electrically conductive.

From the observations in this paper, we propose the following mechanism for chemical

attack of PZT in 0.1 N H2SO4. Below, the detailed Kroger-Vink notation is used to clarify

oxidation states.

1. Hydrolysis of PbO, Schottky pair formation:

(Pb2+
Pb2+)

x + (O2�
O2�)x + H2O �

Pb2+(aq) + 2OH� + (VO2�)•• + (VPb2+)⇥⇥

2. PbSO4 formation:

Pb2+(aq) + SO2�
4 (aq) � PbSO4(s)

3. Attack of surface VO2� left by PbO hydrolysis:

SO2�
4 (aq) + (VO2�)•• �

⇣
(SO2�

4 )O2�

⌘x

4. Sulfated-zirconia species formation:

(Zr4+Zr4+)
x + (O2�

O2�)x +
⇣
(SO2�

4 )O2�

⌘x

� ZrO(SO4) + 2(VO2�)•• + (VZr4+)⇥⇥⇥⇥

5. Dissolution of Zr and Ti-containing species:

ZrO(SO4) + SO2�
4 (aq) + H2O � Zr(SO4)2 (aq) + 2OH�

(Ti4+T i4+)
x + (O2�

O2�)x � TiO2+(aq) + (VO2�)•• + (VT i4+)⇥⇥⇥⇥

6. Surface vacancy annihilation:

(VPb2+)⇥⇥ + 0.52(VZr4+)⇥⇥⇥⇥ + 0.48(VT i4+)⇥⇥⇥⇥ + 3(VO2�)•• � Ø

First, PbO reacts with water to form Pb2+. Using ICP-MS, lead was detected in solution

at concentrations only a factor of 2-3 less than those of titanium or zirconium. Thus, it

is unlikely that lead directly reacts to form relatively insoluble PbSO4. For PbO anodi-

cally grown on lead, Guo has shown that PbSO4 forms by a dissolution-deposition process

consistent with reactions 1 and 2 [13].

Di⇥usion of lead ions through the interfacial layer and into solution likely drives the

growth of large PbSO4 crystals, as observed in Figure 2. This process also leaves the PZT
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compared to anodic films of iron or chromium, which are often electrically conductive.

From the observations in this paper, we propose the following mechanism for chemical
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First, PbO reacts with water to form Pb2+. Using ICP-MS, lead was detected in solution

at concentrations only a factor of 2-3 less than those of titanium or zirconium. Thus, it

is unlikely that lead directly reacts to form relatively insoluble PbSO4. For PbO anodi-

cally grown on lead, Guo has shown that PbSO4 forms by a dissolution-deposition process

consistent with reactions 1 and 2 [13].

Di⇥usion of lead ions through the interfacial layer and into solution likely drives the

growth of large PbSO4 crystals, as observed in Figure 2. This process also leaves the PZT
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lead was detected in solution at concentrations only a factor of 2-3 less than those of titanium or 

zirconium. Thus, it is unlikely that lead directly reacts to form relatively insoluble PbSO4. For 

PbO anodically grown on lead, Guo has shown that PbSO4 forms by a dissolution-deposition 

process consistent with reactions 1 and 2 [19, 21]. 

 Diffusion of lead ions through the interfacial layer and into solution likely drives the growth 

of large PbSO4 crystals, as observed in Figure 3. This process also leaves the PZT surface 

lead-deficient and rich in oxygen vacancies. Sulfate ions at the PZT-solution interface will be 

attracted to the positively charged oxygen vacancies. Indeed, XPS analysis points to the 

formation of Zr-SO4 bonds. No new peaks were observed in the titanium spectra; it appears that 
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PZT 

platinum 

  PbO hydrolysis 
  PbSO4 formation 
  SO4

2- attacks oxygen vacancy, bonds with Zr 
  Zr(SO4)2 formation 

PbSO4 

ZrOSO4 (VPb)2- 

H2O + SO4
2- 

! "&!

Point Defect Model (PDM) to explain the observed results [22–24].
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metal which PZT is “protecting” is dissimilar from the PZT; oxidation of platinum will not
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is unlikely that lead directly reacts to form relatively insoluble PbSO4. For PbO anodi-

cally grown on lead, Guo has shown that PbSO4 forms by a dissolution-deposition process

consistent with reactions 1 and 2 [13].

Di⇥usion of lead ions through the interfacial layer and into solution likely drives the

growth of large PbSO4 crystals, as observed in Figure 2. This process also leaves the PZT
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lead was detected in solution at concentrations only a factor of 2-3 less than those of titanium or 

zirconium. Thus, it is unlikely that lead directly reacts to form relatively insoluble PbSO4. For 

PbO anodically grown on lead, Guo has shown that PbSO4 forms by a dissolution-deposition 

process consistent with reactions 1 and 2 [19, 21]. 

 Diffusion of lead ions through the interfacial layer and into solution likely drives the growth 

of large PbSO4 crystals, as observed in Figure 3. This process also leaves the PZT surface 

lead-deficient and rich in oxygen vacancies. Sulfate ions at the PZT-solution interface will be 

attracted to the positively charged oxygen vacancies. Indeed, XPS analysis points to the 

formation of Zr-SO4 bonds. No new peaks were observed in the titanium spectra; it appears that 
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  Dissolu'on	
  Process	
  

PZT 

platinum 

  PbO hydrolysis 
  PbSO4 formation 
  SO4

2- attacks oxygen vacancy, bonds with Zr 
  Zr(SO4)2 formation and dissolution 
  TiO2+ dissolution 

PbSO4 
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Effect	
  of	
  the	
  Zr/Ti	
  Ra'o	
  

Dense, columnar 
microstructure"
before acid exposure"

Film thickness:"

PZT 95/5:    330 nm"

PZT 25/75:  250 nm"

!"#$%&'()*%&%(+,- !"#$%&.()*%&/(+,-

.%%-01-

!#)-
!2-
)*+3-

4*+.-

27	
  



28	
  

Effect	
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  Zr/Ti	
  Ra'o	
  II	
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1 kHz 1 kHz 

εr =  329 ± 18 
tanδ = 0.012 ± 0.001 
1 kHz, 25 mV RMS, 0 VDC 

εr =  682 ± 36 
tanδ = 0.018 ± 0.001 

Verify electronic electronic properties – very good!"



Effect	
  of	
  the	
  Zr/Ti	
  Ra'o	
  II	
  

  Film thickness: 
 PZT 95/5:      ~0 

   PZT 25/75:  220 nm 

  Increased Ti content reduces 
etch rate: 

 PZT 95/5:    11 nm/hr 
 PZT 52/48:  2.8 nm/hr    
 PZT 25/75:  0.56 nm/hr 

After 48 hours in 0.1 N "
H2SO4 at 550 mV vs. SHE"
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!#)-
!3-
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Summary	
  

  PZT	
  in	
  sulfuric	
  acid	
  =	
  bad	
  choice	
  

  Built	
  a	
  fully	
  automated	
  microdroplet	
  cell	
  

  First	
  thin	
  film	
  PZT	
  ferroelectric	
  hysteresis	
  with	
  liquid	
  contact	
  

  Used	
  EIS,	
  XRD,	
  XPS,	
  SEM	
  to	
  create	
  PZT	
  dissolu'on	
  model	
  

  Increased	
  Ti	
  content	
  =	
  reduced	
  etch	
  rate	
  in	
  H2SO4	
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Ques'ons?	
  

31	
  

1 µm 

The epitaxy monster ruins a perfectly good epitaxial PZT film on SrRuO3/SrTiO3 (001). 


