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Pyroelectric current measurements on PbZr, >Tiy gO3 epitaxial layers
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We report pyroelectric current measurements on 150 nm thick PbZr(,Tig sO3 (PZT) epitaxial films
using frequency-domain thermal measurements over the range 0.02 Hz—1.3 MHz. The measured
pyroelectric currents are proportional to the rate of temperature change, from ~107° A/m? to
~10* A/m? over the range 1072 to 10°K/s. The film temperature oscillation is controlled using
either a hotplate, microfabricated heater, or modulated laser, and the pyroelectric current is
measured from a microelectrode fabricated onto the film. The measured pyroelectric coefficient of
the PZT films is nearly constant across the entire frequency range at ~—200 uC/m°K. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4766271]

. INTRODUCTION

Pyroelectricity, the temperature dependence of sponta-
neous polarization,l enables a variety of devices>™ that uti-
lize the pyroelectric current generated by temperature
fluctuations. Pyroelectric materials are used in applications
such as thermal imaging, radiometry, environmental moni-
toring, and gas analysis, all of which rely on bulk ferroelec-
tric materials. However, future nanoscale electronic and
energy conversion devices will increasingly require thin
films. Challenges facing thin-film ferroelectrics include their
susceptibility to size- and strain-induced effects. Over the
last few decades, thin-film epitaxy has developed dramati-
cally and it is now possible to synthesize ferroelectric thin
films with control over film composition, epitaxial strain,
electrical boundary conditions, and thickness.”™” These syn-
thesis capabilities have been instrumental in developing an
understanding of the dielectric, piezoelectric, and ferroelec-
tric responses of thin-film materials. However, understanding
the pyroelectric response of thin films remains a challenge,
owing to pinhole defects and trapped charges in these films.®
The lack of understanding of pyroelectric properties in thin
films has limited the development of pyroelectric materials
and new devices based on these materials. Techniques to
measure pyroelectric currents and the pyroelectric coefficient
of thin films are thus urgently needed in order to enable new
applications of pyroelectric thin films.*'°

Conventional techniques to characterize pyroelectric
response are based on heating by a laser'' or simply placing
the material on a hotplate or in a furnace.'” These techniques
were developed for bulk ceramics or single crystals, and are
adequate for large samples. The techniques using bulk sam-
ple heating have had limited success in their application to
thin films due to defects in the thin films as well as thermally
activated trapped charges.®'*™'* It is possible to achieve
higher rates of temperature change using, for example, laser
heating. Dynamic techniques that rapidly modulate the
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sample temperature allow for the measurement of continuous
pyroelectric current.'®!'” When the temperature change is
due to continuous temperature oscillations at a single fre-
quency, the pyroelectric current measurement accuracy can
be higher than for temperature changes that are step changes,
pulses, or ramps, since a periodic current can be conven-
iently measured using phase-sensitive detection with high
signal-to-noise.®'® When the sample is periodically heated
by a hotplate or thermoelectric element, the rate of tempera-
ture change is typically limited to ~1 K/s. When the sample
is periodically heated using laser intensity modulation, the
temperature can oscillate in the range 10°~10° K/s.'**° How-
ever, there is a lack of publications showing frequency-
domain pyroelectric current measurements in the range
1-10° K/s.21 Furthermore, there has been little work to com-
pare pyroelectric properties across different measurement
techniques. Comparison of pyroelectric measurements using
independent techniques allows validation of the experimen-
tal results in the absence of any baseline measurements of
thin film pyroelectric properties. It can be difficult, however,
to compare pyroelectric property measurements across dif-
ferent techniques, since this comparison requires accurate
measurements of the thermal properties of the pyroelectric
thin film, which are in general not independently measured.
Thus, there remains significant unmet need for pyroelectric
property measurements on solid state thin films.

Here, we present frequency-domain measurements of
pyroelectric currents from thin films of PbZry,TipgO3
(PZT). 150nm thick PZT films were grown on DyScO;
(DSO) (110) single crystal substrates with 20nm SrRuOj;
(SRO) bottom electrodes via pulsed-laser deposition.”* (See
supplementary material for the details of film deposition and
characterization.)”> We independently measure the thermal
properties of the pyroelectric thin films using time domain
thermoreflectance,”* allowing for accurate estimates of the
temperature distribution within the sample. The pyroelectric
current measurements use either bulk heating for low fre-
quency periodic (LFP) measurements, microfabricated resis-
tive heaters for 2« measurements, or a chopped laser beam

© 2012 American Institute of Physics


http://dx.doi.org/10.1063/1.4766271
http://dx.doi.org/10.1063/1.4766271
http://dx.doi.org/10.1063/1.4766271
http://dx.doi.org/10.1063/1.4766271
http://dx.doi.org/10.1063/1.4766271
mailto:wpk@illinois.edu

104106-2 Bhatia et al.

for laser intensity modulation (LIM) measurements. We
measure the pyroelectric coefficient of the thin-film samples
in three different frequency regimes: less than 1 Hz (LFP),
from 10Hz to 1kHz (2w), and above 100kHz (LIM). We
compare these techniques to each other and to the widely
used direct method'? for pyroelectric current measurement.

Il. MEASUREMENTS
A. Direct and low frequency periodic measurements

Figure 1 illustrates pyroelectric measurement using the
direct'? and LFP methods.'®!” The sample consisted of
100 um diameter axisymmetric capacitors with a 80 nm SRO/

(a) Current
Amplifier

Temperature
Controller

\/

Temperature (K)

Pyroelectric Current (pA)

N 1 N 1 N 1 . 1 _2_5
0 150 300 450 600 750
Time (s)
(c)

322 ’ r r 0.50
<
e
X321 0.25 ;E’
e £
2 5
© 320 0.00 ©
° o
[«*] ~—
o S
£ 8
2 319 -0.25
o
S
>
o

318 PR FEE N E— -0.50

0 50 100 150 200

Time (s)

FIG. 1. (a) Setup for pyroelectric measurement using the (b) direct and (c)
LFP method. The direct method uses a linear temperature ramp. The LFP
method uses low frequency sinusoidal temperature oscillation. Resulting
pyroelectric current is shown. The direct measurement showed contribution
from non-pyroelectric current. The LFP measurement used an oscillatory
temperature with ~1.25K amplitude and 0.02 Hz frequency. Amplitude of
resulting pyroelectric current was less than 1 pA.
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150nm PZT/20nm SRO device structure produced via an
MgO hard-mask process [Figure 1(a)].>> A current amplifier
mounted close to the sample measured the current from the
top SRO electrode during heating, while the sample was
mounted in a dark faraday cage to reduce environmental
noise. Figure 1(b) shows the direct measurement temperature
and current profiles. We increased the temperature at a con-
stant rate from 300 to 350K in 300s, then held the tempera-
ture at 350K for 100s before the heater was turned off such
that the sample could cool. A linear temperature ramp
should result in a constant, non-zero pyroelectric current
i, = pA(dT/dt), where p is the pyroelectric coefficient, A is the
area of the electrode, and dT/dt is the rate of change of tem-
perature with time, in this case 0.16 K/s. The measured cur-
rent is, however, not constant with a constant temperature
rate, and there is non-zero current when the temperature is
constant. These data illustrate the difficulty in measuring
pyroelectric response using conventional direct measurement
techniques. Although some of the current is pyroelectric,
there are non-pyroelectric currents, most likely resulting from
thermally stimulated currents that result from temperature-
induced releasing of trapped charges.'* "% This effect is a
particular problem for thin films, where the density of trapped
charges can be larger than in bulk samples.

Figure 1(c) shows the temperature and current for pyro-
electric measurement using the LFP method. A sinusoidal
temperature oscillation, with a background temperature of
320K (Tp,) and 1.25K (T,) amplitude, was applied to the
sample at 0.02 Hz (w =0.125rad/s). The sample temperature
is T=T,+ Ty sin(wt) and the theoretical pyroelectric current
is i, = pATyw cos(wt). Thus, the pyroelectric current should
be phase-shifted from the temperature oscillations by 90°.
The measured pyroelectric current was fitted to a sine func-
tion, ipsin(wt + ¢), to extract the magnitude, iy, and phase of
the pyroelectric current with respect to the temperature oscil-
lation, ¢. The pyroelectric coefficient was then obtained by
considering the out-of-phase component of the measured
current as p =i,sin(¢)/ATow. While the LFP technique
works reasonably well for this thin film, precise control of
the sample temperature is difficult and the measurement
must be performed at low heating frequencies to ensure ther-
mal equilibrium, which results in a low pyroelectric current
and signal-to-noise ratio. One advantage of these direct
measurements is that the sample is in thermal equilibrium,
and so the temperature can be estimated without detailed
knowledge of the pyroelectric thin film thermal properties.

B. 2w measurements

Figure 2(a) shows the measurement setup for pyroelec-
tric measurement using the 2w method. Periodic electrical
excitation of a 20 um wide platinum strip with chromium ad-
hesion layer at frequency w produces a temperature oscilla-
tion at a frequency 2w.>’ This temperature oscillation
generates a pyroelectric current that is measured using the
current input (10°V/A gain) of a lock-in amplifier.”®
The SiO, layer deposited on the pyroelectric film ensures
that the external electric field across the pyroelectric film is
negligible and does not interfere with the pyroelectric
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FIG. 2. (a) Setup for pyroelectric measurement using the 2o method. A
lock-in amplifier measures the pyroelectric current at frequency 2w gener-
ated due to a temperature oscillation caused by electrical excitation at fre-
quency . The pyroelectric layer is modeled as a current source with
intrinsic resistance and capacitance as shown in the equivalent circuit (top-
right). (b) Magnitude of pyroelectric current and temperature oscillation am-
plitude plotted as a function of heating frequency. A constant pyroelectric
coefficient was used to fit the theoretical model and experiment. Data are
shown for 4.26 W/m input power per unit heating length.

response of the thin film. We verified that the resulting signal
was due to periodic heating of the metal strip and not a
voltage-based artifact by comparing the 2 current measured
at different strip biases but with the same heating power
using a series resistor before or after the metal strip. (See
supplementary material for device design, fabrication, and
characterization.)23

The equivalent circuit shown in the top-right of Figure
2(a) relates the measured 2w current to the pyroelectric cur-
rent. The pyroelectric layer is modeled as a current source in
parallel with a dielectric, which is a resistor and capacitor in
parallel.?*** The SiO, passivation layer is represented by an
equivalent resistance and capacitance. The pyroelectric cur-
rent, i, »,, is evaluated from the measured 2w current, i, as

, , < Z, )1 Q)
oo = Lo\ 57— 5
P20 ’
Zy+Zy
_ R, _ R4 H
where Zp = W))Rpcp and Zd = W The resistance

(R), capacitance (C), and electrical impedance (Z) of the
pyroelectric (PZT) and dielectric (SiO,) films are indicated
by the subscripts p and d, respectively. The resistivity and
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dielectric constant of the PZT and SiO, films were measured
independently to evaluate intrinsic resistance and capaci-
tance (see supplementary material for details®?).

Since the heating frequency is low (<2 kHz) and the
thermal penetration depth is much larger than the film thick-
nesses, the heat diffusion is one-dimensional in the radial
direction. We use this model to relate electrical power input
with the resulting temperature oscillations as in the 3w
method.*'** The frequency-dependent temperature oscilla-
tions of the semi-infinite substrate due to the line heat source
of width 2 b and length [ is given by™*

P sin? (kb)

AT, =
P InA, l (kb)2(k2 + ) *

@)

where ¢ ' =(D/j2w)"* is the thermal penetration depth,
j=+/—1, P is the input power, D is the thermal diffusivity,
and A, is the substrate thermal conductivity. The thin films
between the metal line and substrate each add a frequency-
independent temperature oscillation given by>*

Pt

ATy = ——
TN 2D

3

where ¢ is the film thickness and A, is the film thermal con-
ductivity, which was measured using time domain thermore-
flectance.** The temperature oscillation of the PZT film can
then be evaluated by adding the contributions from the
substrate, SRO layer and half the PZT layer, AT =AT;
+ ATysro)+ /2 ATypzry).  The  pyroelectric  current, i,
= pA(dT/dt), can thus be written as a function of temperature
oscillation AT at a frequency 2w as

Ip20 = JPAQ2w)AT. )

Figure 2(b) shows the amplitude of the temperature os-
cillation and the magnitude of measured pyroelectric current
measured as a function of heating frequency for an input
heating power of 4.26 W per unit length (m). The solid lines
show the predicted amplitude of the temperature oscillation
[Egs. (2) and (3)] and the magnitude of the pyroelectric cur-
rent [Eq. (4)]. The symbols show the pyroelectric current
obtained from the 2w current measurement [Eq. (1)]. The
pyroelectric coefficient is the only free parameter and is
obtained by fitting the model to the measured data. Pyroelec-
tric current magnitude of >1 nA was measured in compari-
son to <1 pA for the LFP method.

C. Laser intensity modulation measurements

Pyroelectric characterization at an even higher fre-
quency range is possible using laser diagnostics. Figure 3(a)
shows the measurement setup used for pyroelectric measure-
ment using a modulated laser as a local heat source. Previous
publications reported the pyroelectric response of thin films
using laser intensity modulation but lacked accurate thermal
property values required to fully analyze the data.'’'?°
Improvements in laser-based diagnostics now enable more
accurate measurements.”* Our LIM method probes the
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FIG. 3. (a) Setup for LIM based pyroelectric measurement. The laser power
absorbed by the sample was 1.3 mW and the 1/¢* radius of the beam was
4.7 pm. An RF lock-in amplifier measures the pyroelectric current at the laser
modulation frequency. (b) Magnitude of pyroelectric current and temperature
oscillation amplitude as a function of modulation frequency. A constant pyro-
electric coefficient was used to fit the theoretical model and experiment.

pyroelectric response of the thin film using a Ti:sapphire
laser oscillator with a repetition rate of 80 MHz. Using an
electro-optical modulator, the laser beam was modulated
from 100kHz-1.3 MHz and the pyroelectric response was
probed with a spatial resolution of <10 um. Measurements
were done on capacitors consisting of 180 nm thick PZT,
with SRO bottom electrode and 20 yum wide, 1.4 mm long
platinum top electrodes with a chromium adhesion layer.
The platinum top electrode (optical absorption coef-
ficient =0.29, at a wavelength of 785 nm) absorbed the laser
power to raise the temperature. The periodic modulation of
the laser beam causes periodic temperature oscillation within
the film. This temperature oscillation generates a pyroelec-
tric current at the modulation frequency which is measured
using a lock-in amplifier. For a heating frequency >100 kHz,
the thermal penetration depth is small compared to the 1/e?
radius of the laser beam (wo=4.7 um). Hence, the tempera-
ture oscillation amplitude of the substrate is given by a one-
dimensional heat flow model with a uniform heat flux
Pl(mwe2) 2

®)
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where C, is the volumetric heat capacity of the substrate.
The temperature oscillation of the PZT film can be evaluated
by including the contributions from the SRO layer and
half the PZT layer using Eq. (3), AT=AT,+ ATysro)
+ 1/ ATy pzr). The resulting pyroelectric current is

iy = jp(Twd)wAT. (6)

Figure 3(b) shows the amplitude of temperature oscilla-
tion and pyroelectric current as a function of the laser modu-
lation frequency. The laser power absorbed by the sample
was 1.3 mW. Temperature oscillation amplitude was esti-
mated using Eqgs. (3) and (5). The model [Eq. (6)] was fitted
to the measured pyroelectric current to estimate the pyroelec-
tric coefficient of the PZT thin film. One value of the pyro-
electric coefficient was used in the model for fitting across
the entire heating frequency range. At high frequencies, the
capacitive reactance of the sample decreases significantly.
Since the model does not account for the sample capacitance,
we observe a mismatch between the measured and predicted
pyroelectric current at high heating frequencies. This LIM
method allowed quantitative characterization of sub-micron
epitaxial pyroelectric layers at high frequency with a spatial
resolution <10 um.

lll. RESULTS AND DISCUSSION

Our measurements span heating frequencies from 0.02
Hz to 1.3 MHz. Figure 4(a) shows the magnitude of the pyro-
electric current per unit heating area as a function of time
rate of change of temperature for each of the three methods.
The error bars correspond to standard deviation from meas-
urements done on multiple devices across different samples.
Pyroelectric current density is directly proportional to the
rate of change of temperature with time d7/dt. The pyroelec-
tric current density increases by eight orders of magnitude as
the time rate of change of temperature varies from 0.018 K/s
for the LFP method to 3.1 x 10°K/s using the LIM method.

Figure 4(b) compares the phase difference between the
measured pyroelectric current and estimated temperature os-
cillation as a function of rate of heating for the three meth-
ods. The true pyroelectric current is phase-shifted from the
temperature oscillations by 90°.'° However, a non-90°
phase-shift is commonly observed due to thermally stimu-
lated current and other artifacts. Our measurements show
that the phase difference is nearly 90° for the 2o method,
whereas a noticeable deviation is observed for the LFP meas-
urements. We believe that this deviation in phase difference
is due to the release of trapped charges due to bulk heating
of the sample in the LFP technique that occurs in phase with
the temperature change. For the LIM method, sample capaci-
tance causes a phase shift between the phase of heating (laser
modulation) and the phase of the measured pyroelectric cur-
rent. This is not accounted for in our simplified model and
hence the discrepancy in the phase data at high heating fre-
quencies (see supplementary material for details of the phase
difference calculation”).

Figure 5 shows the measured pyroelectric coefficients of
PZT 20/80 thin films on DSO substrate as a function of
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FIG. 4. (a) Magnitude of pyroelectric current density and (b) phase differ-
ence between pyroelectric current and temperature oscillation plotted as a
function of rate of temperature change for LFP, 2w, and LIM measurements.
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FIG. 5. Pyroelectric coefficient of PbZr(,TipgO5 thin films measured using
the LFP, 2w, and LIM methods plotted as a function of the rate of tempera-
ture change. The pyroelectric coefficient is nearly constant for the heating
frequency range of 0.02 Hz—1.3 MHz.
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heating rate. The figure shows results from the LFP, 2w, and
LIM measurements, but it was not possible to estimate the
pyroelectric coefficient using the direct method because of
the significant thermally stimulated current contribution.
Unlike the model results shown in Figures 2(b) and 3(b),
where a single pyroelectric coefficient was used in the model
across the entire heating frequency range, pyroelectric coeffi-
cients were estimated by fitting the theoretical model to the
measured pyroelectric current at each heating frequency.
The measured pyroelectric coefficient is nearly constant at
~—200 uC/m’K across a large range of heating rates, which
is close to —180 uC/m’K reported for poled PZT 20/80 films
deposited via spin coating.®> The pyroelectric response is
essentially unchanged up to 1 MHz, which is consistent with
other frequency-dependent measurements reported in the lit-
erature.’®*” The observed reduction in the pyroelectric coef-
ficient magnitude near 1 MHz heating frequency can be
attributed to capacitive effects not included in the modeling.
While there may be thermomechanical-induced strains in the
pyroelectric layer, any currents generated by these strains are
small relative to the pyroelectric currents observed here.

IV. SUMMARY

We have demonstrated three frequency-domain techni-
ques for measuring pyroelectric currents from PZT thin films
using temperature oscillations over the range 0.02Hz to
1.3 MHz. Measurements using low frequency 1.25 K temper-
ature oscillations produce pyroelectric current less than 1 pA
which is below the noise floor of most measurement setups.
Developed specifically for thin films, the 2« method, proved
more robust as it produced easily measurable pyroelectric
current greater than 1 nA between 20 Hz-2 kHz heating fre-
quencies. An even higher heating frequency regime was
made accessible by using a laser-based method that resulted
in pyroelectric currents of ~100 nA. These techniques ena-
ble the study of pyroelectric thin films, which could improve
future nanoscale electronics and energy conversion devices
using these films.
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