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Polarization imaging in ferroelectric polymer thin film capacitors by
pyroelectric scanning microscopy
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(Received 7 April 2014; accepted 29 April 2014; published online 12 May 2014)

A Pyroelectric Scanning Microscopy system, which uses laser-induced thermal modulation for

mapping the pyroelectric response, has been used to image a bipolar domain pattern in a

ferroelectric polymer thin film capacitor. This system has achieved a resolution of 6606 28 nm by

using a violet laser and high f-number microscope objective to reduce the optical spot size, and by

operating at high modulation frequencies to reduce the thermal diffusion length. The results

agree well with a thermal model implemented numerically using finite element analysis. VC 2014

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875960]

Ferroelectric materials have been the subject of increas-

ing interest in recent decades, largely because of the develop-

ment of methods for thin film and nanostructure fabrication,

and subsequent integration into a wide range of electronic

technologies, such as thermometry and thermal imaging,1,2

electromechanical transducers,3 nonvolatile memories,4 or-

ganic electronics,5 and energy storage,6 as well as promising

applications to organic photovoltaics,7 solid-state energy har-

vesting, and refrigeration.8,9 To further improve the perform-

ance and utility of ferroelectric materials, it is essential to be

able to measure the spatial distribution of the polarization at

high resolution. The current method of choice for polarization

imaging is Piezoresponse Force Microscopy (PFM),10,11

because the piezoresponse is proportional to the net polariza-

tion. The pyroelectric response is also proportional to net

polarization, but, because it is based on a different physical

principle, it affords a complementary probe for imaging

polarization.12

The Pyroelectric Scanning Microscopy (PSM) records

the two-dimensional distribution of pyroelectric response by

scanning a focused and modulated laser beam across a pyro-

electric sample and recording the induced surface charge.13,14

PSM works with crystals13–19 and with thin films.20–23 PSM

has also been used to image domains14,24 thermally written

polarization patterns,25–28 and to follow polarization and do-

main dynamics.29–32 Moreover, 3D polarization information

can be obtained from crystals and thick films by combining

2D laser scanning with depth profiles obtained using either

pulse time-of-flight methods,33 or Laser Intensity Modulation

Method (LIMM),34–38 or both.39 One key advantage of PSM

over techniques based on atomic force microscopy (AFM) is

that the optical probe is noninvasive and does not damage or

alter the sample.40 The PSM technique, however, can only

determine the component of the polarization perpendicular to

the electrodes, whereas vector PFM can obtain both in-plane

and out-of-plane components.41 In addition, PFM affords

higher spatial resolution, down to 10 nm,42 whereas prior

PSM studies have only achieved a spatial resolution of

2lm.14,39 Optimizing the resolution of PFM requires careful

attention to both optical and thermal limitations in conjunc-

tion with a 3D thermal model.34–36,43

With these considerations in mind, we have designed a

PSM system with much improved resolution by using a vio-

let laser and high f-number microscope objective to reduce

the optical spot size, and by operating at high modulation

frequencies to reduce the thermal diffusion length. The

results of these imaging studies agree well with the predic-

tions of a thermal model implemented using finite element

analysis (FEA).

The sample for the present study was prepared as fol-

lows. A 20-nm thick, 50 -lm wide bottom electrode of alu-

minum was prepared by photolithography on a glass

substrate. The copolymer of vinylidene fluoride (70%) and

trifluoroethylene (30%), P(VDF-TrFE), was dissolved in

dimethylsulfoxide to a concentration of 0.05% by weight.

The thin film of 20 nominal monolayers, approximately

36 nm in thickness,44 was prepared by horizontal Langmuir-

Blodgett (LB) deposition at a surface pressure of 5mN/m.

The sample was annealed for 60 min at 135 �C in an air oven

with heating and cooling rates of 1 �C/min. The method of

sample preparation and the properties of the film thus pro-

duced are described in greater detail elsewhere.30,45,46

The PSM system works by scanning a tightly focused

modulated laser beam across a pyroelectric capacitor and re-

cording the modulated current from the electrodes. The ap-

paratus shown in Fig. 2(a) consists of a computer-controlled

nanopositioning system (Thorlabs NanoMax 300) using step

sizes of 100 nm in 1D scans and 250 nm in 2D images. A 15

mW diode laser with wavelength k¼ 405 nm was focused

through a�60 microscope objective with numerical aperture

(NA) of 0.85 onto the sample. With this arrangement, the

theoretical diffraction-limited focal spot diameter is 2k/(p

NA)¼ 304 nm.47 The actual spot size of 3526 14 nm was

measured using a scanning edge method. The laser power

was sinusoidally modulated by a function generator

(Hewlett-Packard HP 8111A). The pyroelectric signal gener-

ated at each beam position was recorded by a lock-in ampli-

fier (Stanford Research Systems SRS 844) with 1 MX input

impedance and arranged into either a 1D line or a 2D array,

or image, of the pyroelectric response. Topographical and

polarization imaging of the ferroelectric film were done with
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a commercial atomic force microscope (AFM, model MFP-

3D from Asylum Research) using platinum-coated cantile-

vers (CSC17/Pt, Mikromasch) in a resonant-enhanced mode

at a frequency of 170 kHz and 0.8V modulation amplitude.

Figure 1(b) shows AFM topographic image of a 20 lm

� 20 lm testing area of the P(VDF-TrFE) film. A bipolar

polarization pattern was prepared on the sample using an

AFM tip-poling method at a scanning rate of 1Hz by first

poling the 20 lm � 20 lm square with a þ12V tip bias, and

then an “N” pattern with �12V tip bias.48 This produced a

stable bipolar “N” pattern that is clearly evident in the PFM

amplitude and phase images shown in Figs. 2(a) and 2(b).

The polarization of the dark “N” patterned area points out of

the film, whereas light surrounding area points into the film.

The bipolar polarization “N” pattern are evident in the PFM

phase image, Fig. 2(b), and have both high contrast and a

high resolution of order 10 nm, as we have found before with

polarization patterns prepared in similar ferroelectric copoly-

mer LB films.48–51

The ferroelectric polymer film was then covered with a

20-nm thick, 200-lm wide, aluminum top electrode by ther-

mal evaporation and then installed in the PSM apparatus for

imaging [see Fig. 1(a)]. The PSM amplitude and phase

images recorded at a modulation frequency f¼ 1.8 MHz

shown in Figs. 2(c) and 2(d) clearly reveal the bipolar “N”

pattern. The amplitude image shows a strong (red) signal

everywhere except at the boundaries (in blue) between up

and down polarization. Moreover, the PSM phase image in

Fig. 2(d) shows a clear reversal of the normal component of

the polarization in the regions poled with positive (blue) and

negative (orange) voltage, which is consistent with the PFM

phase image in Fig 2(b). The PSM imaging was repeated at

intervals for 7 weeks, revealing no significant decay of polar-

ization. Summarizing the PFM and PSM imaging results, we

can see that the PSM system is an efficient tool in mapping

the pyroelectric current distribution and polarization imaging

in the ferroelectric thin film capacitors with high resolution.

Because of the limitations of optical resolution and ther-

mal diffusion, the PSM images of amplitude and phase [Figs.

2(c) and 2(d)] have lower resolution than the corresponding

PFM images [Figs. 2(a) and 2(b)]. To model the PSM images

while neglecting thermal diffusion, we began by calculating

the convolution of the much sharper reference PFM image

with a Gaussian distribution of the local heating rate corre-

sponding to the profile of the laser beam intensity at the sam-

ple surface. The pyroelectric current distribution J(x,y) is the

convolution of the polarization pattern P(x,y) from with the

heating rate g(x,y) as follows:47,52

Jðx; yÞ ¼ p

ðþ1

�1

Pðs1; s2Þgðx� s1; y� s2Þds1ds2; (1)

where p is the pyroelectric coefficient, which is approxi-

mately �20 lC/m2K for the ferroelectric polymer LB

films.12 To perform the convolution, we first calculated the

polarization distribution P(x,y)¼Amplitude� cos(phase)

shown in Fig. 3(a) from the PFM amplitude and phase data

shown in Figs. 2(a) and 2(b). We then calculated the convo-

lution according to Eq. (1) of the polarization pattern P(x,y)

with a Gaussian heating rate profile g(x,y)¼ g0
exp(�2q2/s2), where q¼ x2þ y2 is the lateral distance from

the laser beam center. We were able to obtain excellent cor-

respondence between the model PSM image shown in Fig.

3(b) and the actual PSM image shown in Fig. 3(c) by setting

the Gaussian diameter 2 s¼ 660 nm. Since this is approxi-

mately twice the diameter of the laser beam waist, it appears

that thermal diffusion is indeed causing additional blurring

of the PSM image, even at 1.8MHz modulation frequency.

Two observations can be made from close examination

of the images in Figs 3(b) and 3(c). First, the two images ex-

hibit the same degree of rounding and blurring at the sharp

edges of the “N” pattern. Second, on close examination of

the shoulder of the “N” indicated by the circles in Figs. 3(a)

and 3(c), we can see that PSM not only reproduces the gen-

eral character of the blurring but also details like the rela-

tively large signal measured in the interior of the shoulder,

which is furthest from the edges. A quantitative comparison

was performed by taking line scans from the three images,

Figs. 3(a)–3(c) to yield profiles like those shown in Fig. 3(d),

showing good qualitative agreement between the actual PSM

line profile and the line profile obtained from the convolution

FIG. 1. (a) PSM apparatus showing the arrangement of the modulated laser

beam and ferroelectric capacitor, which was translated in two dimensions by

the nanopositioner (not shown). (b) Topographic image of the P(VDF-TrFE)

film recorded with the AFM.

FIG. 2. Image of the “N” pattern written with the AFM Tip. The top images

from the PFM measurements show the distribution of the amplitude (a) and

phase (b) of the piezoresponse. The bottom images from the PSM, which

were recorded 1.8MHz laser modulation frequency, show the distribution of

the amplitude (c) and phase (d) of the pyroelectric response.

192901-2 Song et al. Appl. Phys. Lett. 104, 192901 (2014)



of the PSM image with the Gaussian beam profile. The PSM

line profile reproduces calculated convolution very well.

The temperature distribution produced by a laser source

having a Gaussian intensity distribution with beam diameter

2 s¼ 304 nm and sinusoidal temporal modulation with fre-

quency x¼ 2pf will have the form T(q, z, t) in cylindrical

coordinates. Assuming that the heat is entirely absorbed at the

top surface of the sample, the heat flux at z¼ 0 has the form

Uðq; z ¼ 0; tÞ ¼ U0e
�2q2

s2 ð1� cosxtÞ: (2)

Since the PSM images were obtained only from the modu-

lated component of the output current, we will solve for the

complex amplitude of modulated part of the temperature pro-

file DT(q, z)exp(ixt).

The sample is represented by a four-layer physical

model, as shown in Fig. 4(a), consisting of 20-nm thick

aluminum electrodes, a 40 nm ferroelectric copolymer film,

and a thick glass substrate. The following assumptions were

made in the physical model. The boundary conditions con-

sisted of the imposed heat flux (Eq. (2)) at the top surface,

continuous heat flux across the layers (Neumann condition),

and a reservoir temperature of 300K at the edges of the

model volume (Dirichlet condition), a depth z¼ 5lm and ra-

dius q¼ 10 lm from the beam axis. These distances are

much larger than the thermal diffusion length and therefore

constitute a sufficiently large model. The thermal impedance

of the interfaces was neglected, and the thermal diffusivities

and specific heat capacities respectively, of the layers were

as follows:21,53 aluminum 3.86� 10�5 m2/s and specific heat

900 J/Kg�1K�1; glass 5.97� 10�7 m2/s and 670 J/Kg�1K�1;

and copolymer 5.6� 10�8m2/s and 1233 J/Kg�1K�1.

To calculate the temperature distribution T(q, z, t) as a

function of time, and to better determine the effect of thermal

diffusion on the PSM image resolution, we turned to FEA

software using a commercial program (ABAQUS 6.11) on

the physical model shown in Fig. 4(a).36 The calculations

were made on a 5 nm to 50 nm size mesh, at four modulation

frequencies from 0.1 MHz to 1.8MHz, using the assumptions

described above. The results were not sensitive to the mesh

size. The FEA model was run until the amplitude DT(q, z) of

the modulated part of the temperature reached steady state, as

shown in Fig. 4(b). The modulated part of the radial tempera-

ture profile DT(q) in the ferroelectric film, which was calcu-

lated by averaging the distribution DT(q, z) over the depth z,

is shown in Fig. 4(c) as a function of frequency. In this way,

both the laser intensity profile and thermal diffusion are

accounted for in calculating the PSM temperature profile.

To compare the FEA results with the PSM measure-

ments, we calculated the convolution of DT(q) with a step

function with amplitudes changing from þ1 to �1 at the

boundary position (representing the polarization profile

determined from the PFM image). The edge profiles from

the thermal model shown in Fig. 4(d) agree well with the ex-

perimental profiles shown in Fig. 3(e), where both exhibit a

sharper edge at higher modulation frequency. To quantify

the resolution, we calculated the width of the transition edge

w¼ (Jþ� J�)/2 J0, where Jþ and J� are the maximum and

minimum amplitudes around the two edges and J0 is the

slope of the profile at the midpoint.54 The dependence of the

edge width w(f) on modulation frequency from both the

FIG. 3. Composite signal images of the form Amplitude� cos(phase) com-

bining amplitude and phase contributions. (a) The polarization signal

obtained from the PFM data shown in Figs. 2(a) and 2(b). (b) The model

PSM signal calculated from the numerical convolution of the PFM signal

with an effective Gaussian diameter of 2 s¼ 660 nm, and (c) from the PSM

data shown in Figs. 2(c) and 2(d). (d) Line scans from the stripes indicated

in (a)–(c). (e) Line scans across the trailing edge of the lower leg of the “N”

from PSM images like the one in (c) at modulation frequencies of 0.1 MHz,

0.5MHz, 1MHz, and 1.8MHz.

FIG. 4. Thermal model of the sample

implemented FEA. (a) Sample cross-

section. (b) The average temperature

profile after 5 ls. (c) The z-averaged

lateral distribution of the temperature

modulation amplitude DT(q) in the

polymer film layer for four different

modulation frequencies. (d) The con-

volution of DT(q) at four frequencies

with the reference step function (in

dashed line). (e) The experimental val-

ues of the PSM imaging resolution

compared with the values calculated

from the curves in (d).

192901-3 Song et al. Appl. Phys. Lett. 104, 192901 (2014)



experiment (Fig. 3(e)) and the model (Fig. 4(d)) are shown

in Fig. 4(e). The two results agree very well, without using

any adjustable parameters in the model. At the highest fre-

quency, 1.8 MHz, the PSM data have an edge width of

6606 28 nm, vs. 6306 10 nm from the model. These values

are both larger than the measured beam size of 3526 14 nm,

which is likely due to a combination of factors, notably that

the maximum modulation frequency, 1.8 MHz, is not high

enough to make the diffusion length much smaller than the

laser beam width. An additional contribution to blurring

could come from drifting of the distance between the micro-

scope objective and sample surface, which would enlarge the

beam spot on the sample.

We have implemented a PSM system that achieves high

resolution by means of a tightly focused violet laser beam

for localized heating and high modulation frequency to mini-

mize thermal diffusion. We have used the system to achieve

a lateral resolution of 6606 28 nm when imaging the polar-

ization pattern in a thin film of vinylidene fluoride copoly-

mer. The results are in excellent agreement with a thermal

model implemented by finite element analysis. The PSM sys-

tem with submicron resolution is an efficient, non-invasive

tool complementary to PFM in studies of thin film ferroelec-

tric materials, and is uniquely valuable for studying nonfer-

roelectric pyroelectric materials, which usually have

negligible piezoresponse. PSM should be useful for testing

pyroelectric devices, and in the development and characteri-

zation of ferroelectric and pyroelectric materials. The use of

high modulation frequencies also permits studying transient

polarization phenomena. There is, however, still room for

improvement of PSM resolution. For example, near field op-

tical microscopy (NSOM) can be used to overcome the opti-

cal diffraction limit and produce localized heating with a

resolution of 100 nm or smaller.
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