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One of the remarkable features of Atomic Force 
Microscopy (AFM) – is the capability of perform-
ing studies of mechanical and electric properties 
at the small scale. 
In local electric measurements the conducting 
AFM probe is placed at or near a sample surface 
and it serves as an electrode that is sensing an 
electrostatic force, current, capacitance or a dis-
placement of the sample in response to the ex-
ternal electric excitation. 
In one of such operations a specimen as a thin 
film or a block sample is placed between a con-
tacting probe and a bottom electrode can un-
dergo the piezo-electric testing. Some crystal-
line materials, whose structure lacks a central 
symmetry, exhibit the ferroelectric behavior by 
changing their dimensions in response to the ap-
plied electric field or vice versa. This property is 
employed in functional structures and devices 

for optoelectronics, different actuators, data 
storage, medical diagnostics, etc. 
The establishment of the structure-property 
relationship in these materials requires the 
comprehensive characterization of their elec-
tromechanical behavior at macroscopic and 
microscopic dimensions. One of AFM off-
springs  - Piezoresponse Force Microscopy (PFM) 
[1-4] is based on sensing of a tiny displacement 
of the samples caused by electric field excitation. 
A microfabricated probe with the tip dimensions 
in the nanometer scale is employed for this de-
tection that can be performed with unique spa-
tial resolution. 

PFM, which is applied on the scale from a hun-
dred of microns down to nanometers, can be 
used in different environments and at various 
temperatures. The method allows exploring the 

This application note gives a brief description of the Piezoresponse Force Microscopy methods and its implementation 
in NEXT scanning probe microscope. The capabilities of PFM studies with this device are illustrated by selected 
examples of imaging and spectroscopy studies on several piezoelectric and ferroelectric samples. They include 
lead zirconate titanate - PZT and bismuth ferrite - BFO films, ceramic samples of lead zirconate titanate doped with 
lanthanum - PLZT, parallel polarized lithium niobate - PPLN, crystals of triglycine sulphate - TGS.

•	 Ferrroelectric domains imaging 

•	 Hysteresis  loops measurements

•	 Local ferroelectric behavior 
investigation

Piezoresponse Force Microscopy in Its Applications

Sergei Magonov, NT-MDT Development

INTRODUCTION



2

In general case, the strain Sj developed in a piezo-
electric material by the applied electric field E i is 
described by the following matrix equation [5]:

Sj = d ijE i

where d ij is the piezoelectric coefficient or modu-
lus with the unit of m/V. The indices 1–3 indi-
cate components along the x, y, and z axis of an 
orthogonal coordinate system, and indices 4–6 
indicate shear components of the strain tensor. 
The axes of the coordinate system are often cho-
sen along the crystallographic axes of a crystal. 
In the case of ceramics and thin films, the z axis 
is usually aligned with the direction of the po-
larization, which is normal to the film plane. The 
longitudinal piezoelectric constant, d33, can be 
determined by measuring the displacement (Δz) 
of the sample along the applied field (E3):

Δz = d33V

assuming               and               , 

where V is the applied voltage and z0 is thick-
ness of the sample. The sample expands or con-
tracts, if the polarization direction is respectively 
parallel or antiparallel to the applied field. Due 
to small dimensional changes (i.e. a vertical dis-
placement of a 1-µm thick PZT film, which has 
the piezo modulus

d33 = 3,6E-10 m/V
is below 1 nm) their detection is facilitated by AC 
measurements. For this purpose,

V = VAC cos(wt)
voltage is applied to the tip and the cantilever 
displacements are expressed as follows

Δz = d33VAC cos(wt + Q)
When Q =0, polarization points down, and when 
Q = p, polarization points up. The piezo-response 
will oscillate in-phase or out-off phase if the po-
larization is, respectively, parallel or antiparallel 
to the field. Because of the presence of non-zero 

transverse piezoelectric constants, e.g., d15, and 
the possible misalignment of polarization to the 
applied field due to a random crystal orienta-
tion, an electric field normal to the surface can 
also cause in-plane shear or lateral deformation. 
In our set-up the piezoresponses in vertical and 
lateral directions are analyzed with the lock-in 
amplifiers.

Studies of the piezoresponse are often per-
formed by recording the sample strain and polar-
ization dependences on the applied electric field 

electromechanical performance of ferroelectrics 
and piezo-electrics in terms of their domain mor-
phology and dynamic characteristics of hystere-
sis loops and switching of polarization.
Prior to PFM, the characterization of ferroelectric 
samples with optical and electron microscopy re-
quired the use of special preparation techniques 
such as etching and decoration. These efforts 
are not needed for PFM studies. This application 
note gives a brief description of the method and 

its implementation in NEXT scanning probe mi-
croscope. The capabilities of PFM studies with 
this device are illustrated by selected examples 
of imaging and spectroscopy studies on several 
piezoelectric and ferroelectric samples. They in-
clude lead zirconate titanate - PZT and bismuth 
ferrite - BFO films, ceramic samples of lead zirco-
nate titanate doped with lanthanum – PLZT, par-
allel polarized lithium niobate - PPLN, crystals of 
triglycine sulphate - TGS.
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Figure 1. Sketch illustrating the relationship between the polarization 
(P), strain (S) and electric field (E). A representation of the theoreti-
cal hysteresis loop is shown in (a). A representation of the theoretical 
quadratic hysteresis loop of strain vs. electric field is shown in (b). 
The numerical indicators in (a,b) indicate the E sweep direction and 
show the relationship between the two measurements, where in (b) 
the curve segments between 1-3 and 5-6 show the true piezoelec-
tric components of the strain and the slope of these lines yields the 
d33 modulus, and at points 3 and 6 the coercive field is reached and 
polarization is switched. Representations of actual polarization and 
strain, “butterfly” curves are shown in (c) and (d).

(b)(a)

(c) (d)
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[6]. The related curves, which exhibit hysteretic 
loops, are schematically shown in Figures 1a-1b. 
When the electric field changes from the nega-
tive polarity to the positive it changes gradually 
but at the point known as coercive field (Ec  - in-
dicated by point 3) the polarization increases 
abruptly, Figure 1a. This indicates that a number 
of domains with dipoles oriented along the field 
have increased drastically. On further  field in-
crease the polarization again changes gradually. 
When the field is reversed the polarization de-
creases and at the negative coercive field (Ec-   in-
dicated by point 6) the polarization jumps to a 
negative value and continue decrease. The fac-
tors influencing these responses include stress, 
structural defects, and specifics of surfaces and 
interfaces [8] . The sample strain behavior during 
the same cycle of the electric field excitation is 
described in Figure 1b. The slopes of the lines, 
which are pointed with the arrows, represent 
the piezoelectric modulus d33. In actual samples 
the hysteretic curves deviate from the idealistic 

Figure 2. Sketch of Piezoresponse Force Microscopy set-up in scanning 
probe microscope NEXT.
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The PFM setup realized in NEXT scanning probe 
microscope is shown in Figure 2. A conductive 
probe is brought into a contact with a sample 
and its load is adjusted by varying the deflection 
set-point.The piezoelectric activity is stimulated 
with an AC voltage applied between the tip and 
the sample that causes the periodical expansion 
or contraction of the sample. 

The changes of the sample dimensions are mag-
nified by the cantilever deflection or bending and 
the latter are detected through the AC signals of 
different segments of the quadrant photodetec-
tor. The amplitude and phase of the vertical tip 
displacement are recorded by one of the lock-in 
amplifiers, and they are presented as VPFM am-
plitude and phase. Another amplifier is used for 
a detection of the amplitude and phase of the 
lateral response of the probe.

They are known as LPFM amplitude and phase. 
Instead of amplitude and phase one can measure 
amplitude cosine and sine components. Studies 
of local electromechanical properties can be per-
formed at individual surface locations by record-
ing the amplitude and phase signals when bias 
voltage is changing between the chosen limits of 
different polarities. By analogy with macroscopic 

studies of hysteretic loops of ferroelectrics, the 
amplitude versus bias voltage curve defines the 
local strain response and phase versus bias volt-
age dependence reflects the sample polarization 
behavior. 

The dependence of Acoswt versus bias voltage is 
known as the piezoresponse curve, which is of-
ten used in PFM studies. By analyzing local hys-
teresis loops, one learns about the piezoelectric 
properties of small piezo- and ferroelectric do-
mains such as coercive voltages, nucleation volt-
ages, forward and reverse saturation and perma-
nent responses, as well as the effective work of 
switching, which is defined by the area embraced 
by the hysteresis loop [7]. 
The factors influencing these responses include 
stress, structural defects, and specifics of surfac-
es and interfaces [8].

Here it is worth mentioning several experi-
mental details of practical PFM. They include a 
sample preparation, a choice of the probe and 
operational parameters such as a deflection set-
point, amplitude and frequency of the electric 
excitation. Flat samples such as films are most 
suitable for PFM studies whereas the ceramic 
specimens need to be polished prior to imaging. 

EXPERIMENTAL SET-UP AND PFM MEASUREMENTS

ones due to a number of reasons related to the 
sample polycrystalline nature, various structur-
al imperfections, specifics of the experimental 
measurements.
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depending on the sample nature 
and thickness. The use of lower volt-
ages has an advantage of reducing 
the electrostatic force interactions, 
which might “contaminate” the pi-
ezo-response measurements. An 
electric excitation with low voltages 
(below 1 V) is particularly important 
for spectroscopic measurements. 

The electric AC field, which stimu-
lates the sample piezo-response, in 
the tip-sample-bottom electrode 
configuration can be generated by 
applying the bias either to the tip or 
the bottom electrode. An unwanted 
cross-talk between the driving signal 
and the piezo-response measure-
ments can be avoided by supplying a 
bias voltage to the bottom electrode 
with a separate shielded wire. A 
choice of the frequency of the elec-
tric excitation is quite peculiar.

One can either use the frequency 
well below or at the probe contact 
resonance. In case of sub-resonant 
excitation the amplitude of the 
probe response directly follows the 
sample displacement. At the con-
tact resonance the amplitude of the 
probe response (A) equals to d33 x 
Vac x Q, where Q is the quality fac-
tor of the contact resonance. The 
operation at the frequency of the 
contact resonance is more sensitive 
yet at these conditions the quantita-
tive estimates of the piezo-response 
are rather complicated due to signal 
amplification.

The mechanical tip-force control 
during scanning in the contact mode 
is performed by varying the deflec-
tion set-point. The chosen set-point 
should insure a stable tip-sample 
contact and prevents the sample 
damage. In some cases the scanning 
probe might swipe a surface con-
tamination and this helps for estab-
lishing the direct contact with the 
examining sample. The above con-
siderations are illustrated by imag-
ing of a ceramic sample of PLZT in 

Figure 3. Height and PFM images of two different locations of PLZT. The height images in 
(a) and (b) were recorded in the sequential scans in the contact mode. The contrast cov-
ers the height variations in the 0-35 nm range in (a) and in the 0-23 nm range in (b). (c-d) 
Height and PFM images on an another partially cleaned location. The contrast of height 
image covers the topography variations in the 0-23 nm range. The phase changes in (d) 
are in the 0-325 degrees range. The measurements were performed with the electric 
excitation 10 V at 364 kHz and the conducting probe with 2 N/m stiffness.

A particular care should be taken for a removal of traces of 
abrasive from the sample surface and for preventing its exter-
nal contamination. 

Typically, the conducting probes with stiffness in relatively 
large range: from 0.1 N/m to 40 N/m range can be applied for 
the piezo-resistive studies. The resonant frequencies of these 
probes are in the 10-400 kHz range and upon contact they are 
shifted to higher frequencies.

Another important parameter for measurements of small 
cantilever deflections and amplitudes is the optical sensitiv-
ity, which is the reversal of the probe length. Therefore, the 
shorter probes, which are stiffer than longer ones, do pro-
vide a better signal yet their applicability is directly related to 
mechanical strength of the sample. The samples examined in 
our studies were stiff enough that we can use the conducting 
probes with spring constant of ~ 40 N/m. This helps minimiz-
ing the undesirable cantilever-sample electrostatic effects, 
which can be substantial when soft probes are applied [7, 9].

In NEXT scanning probe microscope, PFM studies can be 
performed using the voltage in the (-50 V) – (+50 V) range 

(a) (b)

(c) (d)
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Height

Height

VPFM, Phase

5 µm

8 µm

5 µm
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Figures 3a-d. The imaging of PLZT 
surface in the oscillatory amplitude 
modulation mode revealed a pres-
ence of surface adsorbate, which 
might originate from debris of pol-
ishing procedure or contamination 
during storage. This adsorbate lay-
er, which is seen as bright patches 
in the height image, was gradually 
removed by a scanning probe dur-
ing when PFM measurements in 
the contact mode were initiated, 
Figures 3a-3b.

The repetitive scanning of this area 
helps cleaning the sample surface, 
which exhibits a number of polishing 
lines, Figure 3c. Remarkably, the 
VPFM phase contrast, which reveals 
the domain morphology of the 
sample, is much cleaner on the areas 
free from the adsorbate, Figures 3c‑d. 
Actually, in studies with the probe, 
which is 240 micron in length and 
has spring constant around 2  N/m, 
the piezo-response in the phase 
images was most noticeable with the 
operation at the contact resonance 
near 364 kHz. More peculiarities 
of the PFM measurements will be 
mentioned in the analysis of the 
data obtained on different samples.

SELECTED EXAMPLES

Lead Zirconate Titanate - PZT film
The PFM studies of the piezo-elec-
trics and ferroelectrics include do-
main imaging, local spectroscopic 
studies and polarization procedures. 
PZT is one of the most known pie-
zo-electric material with high d33 
(100-500 pm/V), high remnant po-
larization and high dielectric con-
stant. This material is used for dif-
ferent actuators and PZT films serve 
as capacitors and data storage ele-
ments. Studies of PZT with scan-
ning force microscopy were initiated 
almost 20 years ago [10]. We have 
performed PFM imaging of a PZT 
film, which is 4mm thick, using the 
conducting probes with spring con-
stants of 2 N/m and 40 N/m. 

Figure 4. Height and PFM images of 4-µm thick PZT film obtained with the conduct-
ing probes with spring constant of 2 N/m (a-c) and 40 N/m (e-g). The contrast covers 
the height variations in the 0-35 nm range in (a) and in the 0-30 nm range in (e). The 
amplitude variations are in the 0-7 nA range in (b) and in the 0 – 0.9 nA in (f). The cross-
section phase profiles taken along the direction marked with the white dashed line in 
(c) and (g) are shown in (d) and (h). The measurements were performed with the electric 
excitation of 5 V at 306 kHz (contact resonant frequency) for the softer conducting probe 
and with the electric excitation of 3 V at 30 KHz for the stiff probe. A white star in (g) 
indicates a location where the hysteresis curves were collected.

(b) (f)

(c) (g)

(d) (h)

Height Height

VPFM, Amplitude VPFM, Amplitude

VPFM, Phase VPFM, Phase

(a) (e)3 µm

3 µm

3 µm

1,5 µm

1,5 µm

1,5 µm
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The earlier study of this film showed that is has a columnar 
structure with random orientation of the grains with sub-mi-
cron lateral dimensions [8]. The height and PFM images of this 
sample obtained with the softer probe, Figures 4a-4c, reveal it 
grainy topography and the unique contrast of the VPFM phase 
image with the domains of opposite contrast. The cross-sec-
tion taken along the several domains demonstrates that they 
differ by 180 degrees, Figure 4d. The contrast of the PFM am-
plitude image is quite dissimilar to the phase image and be-
cause it has a strong contribution of the sample topography. 
This effect is not unusual for the operation at the contact 

resonance in which topography vari-
ations are amplified as well as the 
sample piezo-response. A compari-
son of the topography image with 
the amplitude and phase maps for 
the PFM operation at the sub-reso-
nant frequency with the stiff probe 
shows that the latter reflect the in-
trinsic domain structure of the sam-
ple that is not related to the surface 
topography, Figures 4e-f. 

The cross-section of a part of the 
phase image in Figure 4h reveals 
that the contrast reflects the reverse 
polarization of the domains. There 
are a large number of small domains 
with the diameter in the 50-100 nm 
range and some of them having op-
posite polarization. In the VPFM am-
plitude image some of the domains 
are surrounded by darker borders 
that can be assigned to the domain 
walls. 

Our observations of the domain 
morphology are consistent with 
those found in the studies of other 
PZT films [11]. The results of PFM 
spectroscopy measurements on the 
PZT films are illustrated by one set 
of the hysteresis curves in Figures 
5a-c. The amplitude versus bias 
curve has a characteristic “butter-
fly” shape that is actually smooth-
ened idealistic strain versus bias 
curve in Figure  1b. The polycrystal-
line nature of the sample is reflected 
in the experimental curves. 

The abrupt transitions in the phase 
curve take place at bias voltage 
around ±7 V. Depending on a location 

Figure 5. PFM spectroscopy curves: VPFM amplitude, phase and piezoresponse dependencies on bias voltage, which were obtained at the location 
of PZT film, which is marked with a white star in Figure 4g. The electric excitation of 3 V at 30 kHz was applied to the sample. The stiff conducting 
probe with spring constant of 40 N/m was used in the experiment. The bias sweep originated in the left low corner and followed the red trace that 
was changed by the blue trace coming back from the top right corner.

(a) (b) (c)

VPFM, Amplitude VPFM, Phase VPFM, Piezoresponse

Figure 6. Height and PFM images of 4-mm thick PZT film after a central area was polar-
ized with +50 V bias (a, b) and after the top part of the polarized area was subjected to 
scanning with -50 V bias (c, d). The surface corrugations in (a) and (c) are in the 0-80 nm 
range. The phase variations are in the 0-360 degrees range in (b) and (d). The insert in 
(b) shows that the phase of bright and dark domains differs by 180 degree. The cross-
section profile is taken along the trace marked with a dashed white line in (b). The 
measurements were performed with the electric excitation 20 V at 20 kHz applied to the 
conducting probe with 2 N/m stiffness.

(a)

(c) (d)

Height

Height

VPFM, Phase

VPFM, Phase

(b)6 µm
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and relatively reliable integration 
process, requires the improvement 
of the PZT fatigue and retention 
performance. 

The retention behavior is related 
to oxygen and Pb vacancies, and 
it can be improved by doping the 
material with lanthanum, niobium 
or other additives. A small addition  
(up to 10%) of donor dopant, like 
La3+ ions, enhance domain wall 
mobility leading to improved 
remnant polarization and also to 
lower dielectric constant and Curie 
point [12]. Characterization of PLZT 
material can be improved by PFM 
studies. As it was discussed above, 
a removal of a top contamination 
layer by a scanning probe opens 
a flat topography of the PLZT 
ceramic sample with a composition 
(Pb0.905La0.095 (Zr0.65Ti0.35)0.9575O3). The 
large-scale images (not shown here) 
show that the sample is composed 
of the grains of irregular hexagonal 
shape, which are typical for dense 
packing in hot-pressed ceramics. The 
largest grains have up to 10 microns 
in dimensions and a part of one of 
the grains is presented in Figures 7a-
c. The height image of the sample 
reveals multiple polishing scratches 
(Figure 7a) whereas the domain 
morphology is clear distinguished 
in the VPFM amplitude and phase 
images (Figures 7b-c). Light and dark 
areas correspond to elongated wavy 
domains with opposite signs of the 
vertical polarization. 

This is evidenced by the 180-degrees 
steps seen in the phase profile in 
Figure 7d. The cross-section profile, 
which is made in the VPFM amplitude 
image, shows the depressed traces 
that represent the domain walls. 
These features are around 50 nm in 
width and they have a curved shape 
that is known as the domain rough-
ness originated from the pinning of 
the domain walls by randomly dis-
tributed immobile defects. Domain 
walls should be flat in the absence 

Figure 7. Height and PFM images of PLZT film obtained with the conducting probe with 
40 N/m stiffness. The contrast covers the height variations in the 0-10 nm range in (a). 
The amplitude changes in (b) are in the 0-0.55 nA range. The phase variations in (c) are 
in the 0-350 degrees range. The amplitude and phase profiles along the traces marked 
with the white dashed lines in (b) and (c) are shown in (d). The measurements were per-
formed with the electric excitation 10 V at 100 kHz.

(a) (b)

(c)

VPFM, Phase

Height VPFM, Amplitude

VPFM, Phase

VPFM, Phase

this coercive voltage varies and can reach ±15 V values. This 
information is instructive when one wants to polarize the 
sample. One of the areas of PZT film was polarized by scan-
ning the probe with DC bias voltage of 20 V, Figures 6a-b. The 
effect of polarization, its magnitude, and possible dissipation 
can be monitored in the PFM mode. 

The PFM imaging of a slightly larger area revealed that the 
polarized region exhibits a much stronger response compared 
to its non-polarized surrounding. This effect can be reversed 
by scanning the polarized area with the probe having negative 
bias voltage of -20 V. Such switching of the polarization was 
achieved in the top part of the polarized area as seen from 
Figures 6c-d. 

Only the borders of the previously polarized area and the cen-
tral position where the probe is rested between the images 
show the polarization traces. The height images do not exhibit 
any variations caused by the polarization procedure.

Lead lanthanum zirconate titanate - PLZT ceramics
An application of PZT material for ferroelectric random access 
memories, which is justified by material large polarization 

(d)

2,5 µm
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of irregularities pinning the wall motion. Measurements of 
the domain walls dynamics and wall roughness of PLZT are 
described in more details in [13].

The PFM spectroscopy data, which were obtained for differ-
ent amplitudes of the electric field excitation, are presented 
in Figures 8a-f. The shape of the amplitude, phase and piezo-
response curves is similar to one obtained for PZT sample. 
The coercive voltages are below 10V. With the increase of the 
excitation voltage the signal-to-noise ratio of the curves im-
proves yet it leads to a noticeable deviation of the phase of 
the piezo-response curve and increase of the effective work 
of switching. 

An examination of the locations, 
which were used for harvesting spec-
troscopy data, showed the circular 
traces of local polarization, Figure 
9a-b. Both effects need a further 
investigation combining the experi-
mental results and finite element 
modeling of tip-sample electrostatic 
and electromechanical interactions.

Parallel Polarized Lithium Niobate, 
PPLN
Lithium niobate (LiNbO3) is the man-
made ferroelectric material that is 
widely applied in acoustics transduc-
ers, delay lines, filters, optical am-
plitude and phase modulators, sec-
ond harmonic generators and other 
technological products. The material 
is usually made as the macroscopic 
single crystal. At room temperature 
lithium niobate crystals exhibits a 
hexagonal symmetry with polariza-
tion along the c-axis, which arises 
from the displacement of cations 
(Li+ and Nb5+) with respect to oxygen 
planes along the c-axis. Thus, only 
two domain orientations are possi-
ble in lithium niobate (antiparallel 
180º domains). For optical applica-
tions the crystals are often polished 
with the c-axis is perpendicular to 
the surface and polarized above the 
Curie point (1210°C) in different pat-
terns using a lithographic mask, [14]. 
A similar specimen with parallel po-
larized domains is distributed by NT-
MDT as the standard for PFM train-
ing and applications. The height and 
PFM images of PPLN standard are 
shown in Figures 10a-c. A polished 
surface of this sample is very smooth 
and has no traces of the domain 
morphology, Figure 10a. The VPFM 
amplitude image reveals the domain 
pattern with two bright 5-µm wide 
“fingers”, Figure 10b. 

The image contrast reflects the 
minimal amplitude variations in 
the fingers and the matrix but 
well distinguished domain walls. 
The cross-section amplitude trace 
in Figure  10d indicates that the 

Figure 9. Height and VPFM phase images obtained on PLZT sample after the spectrosco-
py measurements. The surface corrugations in (a) are in the 0-8 nm range. The phase dif-
ferences between the domain in (b) is around 180 degrees. The locations, where the bias 
voltage sweeps were made from -30V to +30 volts, exhibit a dark phase contrast. The 
location, where the bias sweep was made from +30V to -30V, exhibits a bright contrast. 
The stiff conducting probe with spring constant of 40 N/m was used in the experiment.

(a) (b)

Figure 8. PFM curves obtained on PLZT sample with the electric excitation of 1 V at 100 
kHz in (a)-(c) and with the electric excitation of 3 V at 100 kHz in (d)-(f). The stiff conduct-
ing probe with spring constant of 40 N/m was used in the experiments.

(b)

(a) (d)

(c)

(e)

(f)

Height VPFM, Amplitude
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depressions representing the do-
main walls have a sub-100 nm width. 
The pronounced phase contrast of 
~180 degrees in Figure 10c points on 
the opposite polarization of the fin-
gers and their surroundings.

Due to possible imperfections of 
the lithographic mask, in some lo-
cations of the standard sample one 
can find domains with slightly rough 
walls as seen in Figures 11a-d. This 
region with a smooth topography in-
cludes the differently polarized do-
mains with high contrast amplitude 
and phase signals. The cross-section 
in the 1-µm amplitude image shows 
that the width of the wall at the half 
depth is ~ 50 nm.
This value is larger than the domain 
wall thickness in the 5-15 nm range 
determined in single crystals of (Ba, 
Pb)TiO3 with electron microscopy 
[15]. The analysis of the broaden-
ing of the wall thickness includes 
the contributions of the probe di-
mensions and complex electrostat-
ic interactions and depolarization 
field at the sample surface [16]. The 
questions regarding the spatial reso-
lution of PFM measurements have 
been already addressed [17] but still 
is a subject of the debate.

Crystals of Triglycine Sulphate - TGS
Triglycine sulfate (TGS) is one of the 
most widely studied ferroelectric 
materials, which is broadly used to-
gether with its deuterated analog 
for infrared detectors. TGS is one of 
the few ferroelectrics known to ex-
hibit a second-order phase transi-
tion and hence, to offer possibilities 
for the observation of this critical 
phenomenon very close to the tran-
sition temperature. Below the Curie 
temperature, TGS crystal exhibits 
antiparallel 180-degree domains, 
which are generally parallel to the b 
axis. 

The domain shape of TGS is known 
to be of a lenticular shape, elongat-
ed in the direction parallel to the a 

axis. TGS is suitable for the study of static ferroelectric domain 
structures and domain dynamics by scanning probe micro-
scope, because the direction of the spontaneous polarization 
is perpendicular to the cleaved surface (a–c plane). One of the 
first local studies of TGS was performed with the instrumental 
set-up similar to PFM but called as a dynamic contact opera-
tion of electrostatic force microscopy [17]. This work and the 
latter publication [18] presented a variety of TGS domain mor-
phologies examined at different temperatures. These studies 
were performed with the probe scanned the sample in the 
contact mode with electric bias of 5 V at 40 kHz. 

The observation of the positively and negatively polarized do-
mains, whose morphology does not affected by topographic 
features, was explained by detecting the electrostatic force 
variations caused by the surface charge density. This explana-
tion is the alternative to the piezo-response effect.

We have examined a single crystal of TGS of few millimeters 
in thickness. The crystal was cleaved to reveal a fresh sur-
face (a-c plane). The height image of the surface reveals mul-
tiple patches with a depression slightly above 1 nm in depth, 
Figure 12a.

Figure 10 (left column). Height and PFM images of PPLN standard sample with the 
conducting probe with spring constant of 40 N/m. In the height image in (a) the surface 
corrugations are in the 0 – 2.2 nm range. The amplitude variations in (b) are in the 
0-0.25 nA range. The phase variations in (c) are in the 0 – 350 degrees range. The cross-
section amplitude and phase profiles across the polarized structure are shown in (d). The 
measurements were performed with the electric excitation 10 V at 30 kHz applied to the 
conducting probe with spring constant of 40 N/m.

(a) (b)

(c)

Height VPFM, Amplitude

VPFM, Phase

(d)

20 µm



10

ferroelectric polarization occurs along the pseudocubic [111] 
direction. This leads to eight equivalent polarization variants 
along the body diagonals of the pseudocubic unit cell and to 
domains separated by 71°, 109°, and 180° walls. 

The domain morphology and composition strongly depends 
on film growth parameters, and substrate and electrode con-
figurations. Typically BFO films have [001] crystallographic 
orientation, therefore, the ferroelectric polarization should 
manifest itself in VPFM and LPFM signals. Therefore, PFM can 
be applied for comprehensive characterization of anisotropic 
polarization and nanoscale switching mechanisms.

The height and PFM images of the epitaxial BFO film, which 
were recorded at the different orientation of the sample 
striped morphology, are presented in Figures 13a-j. The probe 
was aligned along the Y-coordinate of the images. The do-
mains with the opposite polarization are well distinguished 
in the VPFM and LPFM phase images, when they are recorded 
with the strips aligned in the ~ 45 degrees with respect to the 
probe, Figures 13a-c. When the strips were aligned perpen-
dicular and parallel to the probe axis then the domain con-
trast was only enhanced respectively in VPFM phase image 

These features as well as small is-
lands on the similar height can be as-
signed to the crystallographic steps 
in the b axis which has a crystallo-
graphic period of 1.27 nm. The VPFM 
phase image (Figure 12b) is feature-
less, most likely, because the crystal 
consists of equal number of positive 
and negative polarization domains 
with no piezoelectric effect. 
The situation changed after the crys-
tal was heated to temperature above 
the material Curie point (49°C) and 
then cooled back to room tempera-
ture. As the height image of the an-
nealed sample did not show changes 
(Figure 12c), the 180 degrees steps 
differentiate the domains of the 
opposite polarity appeared in the 
VPFM phase image, Figure 12d. 

The extended bright strips represent 
the parts of extended finger-like do-
mains extended along the crystallo-
graphic a axis. The height and VPFM 
phase images of the larger area with 
15-nm and 10-nm  steps  (Figures 
12e-f) confirm that the domain 
morphology is practically independ-
ent from the surface topography. 
The slight traces of the topography 
cross-talk to the phase image are 
noticed only at the surface steps.

Bismuth Ferrite, BiFeO3 - BFO
Bismuth ferrite (BFO) is an inorganic 
compound with perovskite struc-
ture and one of the most promising 
magnetoelectric materials. BFO is 
multiferroic and it exhibits ferroe-
lectricity, ferroelasticity and antifer-
romagnetism at room temperature. 

The control of magnetic ordering 
via applied electric fields has been 
demonstrated for single crystals and 
epitaxial thin films. Therefore, for 
future device application the mech-
anisms of magnetoelecric coupling 
at the nanoscale are studied inten-
sively. Ferroelectric structure of BFO 
is rather complex. At the room-tem-
perature the material is in the rhom-
bohedral crystallographic phase and 

Figure 11 (right column). Height and PFM images of PPLN standard sample distributed by 
NT-MDT. In the height image in (a) the surface corrugations are in the 0 – 80 nm range. 
The image in (d) was taken in the area marked with a white square in (b). The amplitude 
variations in (b) and (d) are in the 0-35 nA range. The phase variations in (c) are in the 
0‑350 degrees range. The cross-section amplitude and phase profiles across the polar-
ized structure are shown in (d). The measurements were performed with the electric 
excitation 20 V at 20 kHz applied to the conducting probe with 2 N/m stiffness.

(a) (b)

(d) (c)

Height VPFM, Amplitude

VPFM, Phase VPFM, Amplitude

3 µm

3 µm

3 µm

1 µm



11

spectroscopy data. This goal has been achieved in studies of 
five different materials. 

The presented results serve as the basis for more advanced 
research can be outlined in the following.

Figure 12. Height and PFM images of TGS crystal prior (a, b) and after the spontaneous 
polarization caused by heating the sample above its Curie temperature and cooling back 
to the room temperature (c – f). The surface corrugations are in the 0-2.3 nm range in 
(a), in the 0-1.9 nm range in (c) and in the 0-45 nm range in (e). The phase variations are 
in the 0-11 degrees range in (b), in the 0- 350 degrees range in (d) and (f). The measure-
ments were performed with the electric excitation 10V at 20 kHz applied to the conduct-
ing probe with 2 N/m stiffness.

(b)

(c) (f)

(a) (d)

(e)

Height VPFM, Phase

Height VPFM, Phase

Height VPFM, Phase

18 µm

20 µm

20 µm

20 µm

20 µm

18 µm

PFM CHALLENGES AND OPPORTUNITIES

(Figures 13d-f) and in LPFM phase 
image (Figures 13g-j). This effect 
can be explained by a strong in-
plane piezoresponse of this sample, 
which is directed perpendicular to 
the strips. This response causes a 
buckling of the probe (strong nor-
mal force signal) when the probe is 
oriented perpendicular to the strips. 
When the probe is along the strips, 
the same effect causes a torque of 
the probe (strong lateral force sig-
nal). The cross-section profile of the 
trace in Figure 13f indicates that the 
observed domains differ by 180 de-
grees phase changes.

In addition to the thin film we 
have examined a monodomain BFO 
material and the high-resolution 
images of this sample are presented 
in Figures  14a-c. The ferroelectric 
domains and their walls are 
well distinguished in the VPFM 
amplitude and phase images. The 
PFM spectroscopy data, which were 
obtained at one of the monodomain 
locations, Figures 14b,d-f. The 
coercive voltages are around 5V. In 
studies of the sample polarization, 
a 2-micron region was polarized by 
the positively biased probe. 

This procedure was followed by its 
switching of the polarization at the 
smaller inside area. The height and 
PFM images of this location obtained 
after these exercises (Figures 15a-c) 
demonstrate that the polarization 
and its switching back were accom-
plished successfully without any 
modification of the sample topog-
raphy. The polarization procedures, 
however, were accompanied by a 
deposition of positive and negative 
surface charges. This is evident from 

single-pass KPFM image, which was obtained at the polarized 
location, Figure  15d. The surface potential variations at this 
location were in the range of several hundreds of millivolts.

The goal of the present Application 
Note is to demonstrate that the NEXT 
scanning probe microscope has the 
broad capabilities for collecting re-
liable high-quality PFM imaging and 
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Despite the wide application of PFM in the re-
search of piezoelectric and ferroelectric ma-
terials, the imaging mechanism, particular the 
quantitative measurements and their interpre-
tation meet a number of challenges. In the de-
tailed analysis the additive contributions of the 
long-range electrostatic forces between the 
sample and the cantilever and the electrome-
chanical tip-sample interactions to the total PFM 
response should be considered [3].  The sample-
cantilever electrostatic forces lead to a constant 
background to the measured piezoresponse, and 

it can be minimized by using tall and high aspect-
ratio tips. This suggestion needs to be verified 
with high-aspect probes having extra-long tips. 

The use of the probe with T-shaped cantilever 
that carrying the tip whose position is offset 
from the cantilever axis enhances the torsional 
response of the probe to the in-plane piezore-
sponse. Therefore, such probe can be useful for 
studies the sample with strongly anisotropic 
polarization such as BFO films. The electroelas-
tic contribution to the piezoresponse depends 

Figure 13. Height and PFM images of 120 nm thick film of BFO obtained with different orientation of the surface strips with respect to the probe. 
The surface corrugations in (a) are in the 0-10 nm range; in (d) – in the 0-5 nm range and in (g) – in the 0-4 nm range. The phase differences of the 
domain are around 180 degrees as seen from the cross-section profile in the insert in (f). This profile is taken along the white dashed trace in (e). 
The measurements were performed with the electric excitation 10 V at 20 kHz applied to the conducting probe with 2 N/m stiffness.

(d)

(g) (h)

(a) (b)

(e)

Height VPFM, Phase

Height

LPFM, Phase

VPFM, Phase LPFM, Phase

Height VPFM, Phase LPFM, Phase

(i)

(c)

(f)

8 µm

4 µm

4 µm
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Figure 14. Height and PFM images of a monodomain BFO sample. The surface corrugations in (a) are in the 0 – 4 nm range. The amplitude varia-
tions in (b) are in the 0-1.3 nA range. The phase difference of the domains in (c) is around 180 degrees. The measurements were performed with 
the electric excitation 3V at 10 kHz. (d)-(f) PFM curves obtained at the location marked with a star in (b) with the electric excitation of 0.5 V at 
30 kHz. The conducting probe with the spring constant of 40 N/m was used in the experiments.

Figure 15 (right columns). Height and PFM images of a monodomain BFO sample after 
a central 2-µm area was polarized by a scanning probe with +50 V bias and then the 
polarization of the inner 1-μm region was switched back by the scanning probe with 
-50 V bias. The surface corrugations in (a) are in the 0 - 20 nm range. The amplitude vari-
ations in (b) are in the 0-7 nA range (b). The phase difference between the domains in (c) 
is around 180 degrees. The measurements were performed with the electric excitation 
20 V at 20 kHz applied to the conducting probe with 2 N/m stiffness.

(a) (b) (c)

VPFM, Amplitude VPFM, Phase VPFM, Piezoresponse

(a) (b) (c)

Height VPFM, Amplitude VPFM, Phase

500 nm

(c) (d)

(a) (b)

Height VPFM, Amplitude

VPFM, Phase Surface Potential

3 µm

3 µm

3 µm

4 µm

strongly on the contact interface be-
tween the tip and the surface, the 
shape, size, and material of the tip 
itself. Therefore, the use of metal-
coated, stiff cantilever with large 
force (strong indentation) is most 
desirable for PFM imaging. 

This is also emphasized by the fact 
that these probes are short that 
provides high optical sensitivity for 
the detection of the small sample 
displacements.

The only limitation of the stiff probes 
is their application to soft samples 
in the contact mode operation. 
Another concern for quantitative 
PFM measurement is the calibration 
of the instrument for quantitative 
studies of the piezoelectric coeffi-
cient. However, such measurements 
are complicated by the presence of 
a frequency dependent instrument 
background and other reasons. 

The needed efforts for accurate cali-
bration and measurement of quan-
titative piezoelectric constants were 
proposed in [22].



In the future PFM applications it is worth expend-
ing the measurements to the broader frequency 
range to fully utilize the wide bandwidth (up to 
8 MHz) of NEXT scanning probe microscope. In 
such work, higher resonances of the probes in 
the several MHz range can be applied for the de-
tection of piezoresponse. 

The combination of PFM studies with other AFM-
based electric modes such as single- and double-
pass KPFM (Figure 15d) and dielectric response 
can be very informative in characterization of 
ferroelectrics and might help to figure out the 
controversy described in [18].
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