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Atomic force microscopy (AFM) is a powerful tool for 
surface imaging and examination of a material’s local 
properties with nanometer-level spatial resolution. 
Since an AFMs working principle is based on the 
direct interaction between sharp tip and sample, a 
variety of unique AFM measurement techniques 
have been developed: quantitative nanomechanical 
measurements, conductivity mapping, local 
electromagnetic studies etc.  One of these AFM 
techniques is Piezoresponse Force Microscopy 
(PFM) – where we explore the electromechanical 
performance of ferroelectric and piezoelectric 
materials in terms of their domain morphology 
with nanometer spatial resolution in different 
environments and various temperatures. 

The working principle of PFM is based on contact 
mode AFM – a sample scanning technique where the 

tip is in constant contact with the sample surface with 
a  feedback-controlled positive force value. During the 
scanning process, an AC voltage is applied between 
the conductive tip and sample causing out-of-plane 
and in-plane oscillations of the sample according to 
the domain structure. This allows us to study domain 
geometry, dynamics, local piezoelectric coefficients 
and polarization direction with a spatial resolution 
of tens of nanometer that is limited by the AFM tip 
radius. Since the first development this technique by 
Guthner and Dransfeld in 1991 [1], PFM has become 
a widely used technique for ferro- and piezoelectric 
crystals research. A variety of crystalline  materials, 
whose structure lacks a central symmetry, were 
explored in terms of piezoelectric domain structure 
and dynamics [1-4]: lead zirconate titanate, triglycine 
sulfate, BiFeO3 etc.

HybriD Piezoresponse Force Microscopy: compositional 
electro-mechanical study of biopiezoelectrics

INTRODUCTION

• Biopiezoelectrics domain structure 
investigation

• Piezoresponse force microscopy of 
soft, loose and fragile samples

• Compositional study of 
morphological, nanomechanical, 
adhesive and piezoresponse 
properties
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NT-MDT Spectrum Instruments introduces a new approach for compositional study of 
topography and electro-mechanical properties of soft and fragile samples. The new AFM 
mode named HybriD Piezoresponse Force Microscopy (HD PFM) allows simultaneous 
nondestructive investigation of surface morphology, mapping of quantitative nanomechanical 
properties and domain morphology of piezoelectric and ferroelectric materials.
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Figure 1. (a) A model illustrating a performance of HD mode (b), an idealized temporal 
deflection curve during an oscillatory cycle, (c) the deflection-versus-distance (DvZ) 
curves reconstructed from the temporal deflection and vertical distance curves
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Any material with noncentrosymmetric structure 
is capable demonstrating piezoelectric properties. 
From this point of view, the most interesting area 
for investigation of electromechanical coupling 
in life sciences would be the case where majority 
of proteins, polysaccharides and organelles have 
noncentrosymmetric nature [5]. Piezoelectricity in 
biological objects was discovered by Fukada in 1950s 
in wood and later in 1960s in bone tissue [6-9]. 

This effect, which arises from the electromechanical-
coupling, was named biopiezoelectricity. Biopiezoe-
lectricity has subsequently been observed in certain 
types of muscular movement, the nervous system, 
ion transportation, amino acids etc. [10-16] and, as a 
result, its detection has become important to  nano-

medicine and biomedical applications. However, this 
requires a new method  for investigating of electro-
mechanical coupling in life systems. PFM is great can-
didate for this purpose since it allows piezoresponse 
measurement with nanometer-level resolution. 
However, PFM being a contact mode technique, it is 
unsuitable for studying biological samples. The lat-
eral tip-sample interaction arising from the constant 
contact of AFM tip with the surface can be signifi-
cant enough to destroy or deform softer and fragile 
material.  NT-MDT Spectrum Instruments introduces 
a new approach for PFM investigation of such soft 
and fragile objects by utilizing the reduced lateral tip-
sample interaction in  HybriD Piezoresponse Force 
Microscopy mode (HD PFM). 

HD PFM is extension of recently introduced HybriD 
mode (HD mode) – scanning technique based on fast 
force-distance curves measurements with real-time 
processing of tip response [17]. From the hardware 
point of view, HD PFM is realized using NT-MDT 
S.I. new control electronics named HybriD 2.0 (see 
attachment for detailed specification).

In HD mode, the sample or the tip is driven into a 
vertical oscillation by a Z piezo-element at the 
frequency well below the resonances of the probe 
and the piezo-element. As the probe and the sample 
interact with each other in every cycle the tip goes 
from non-contact to contact regime and the cantilever 

deflects in response to the tip-sample interactions to 
the specified level. This sequence of the events and 
with an idealized deflection profile of the probe in the 
single cycle of HD mode is illustrated in Figures 1a-b. 
As the probe-sample distance shrinks, the cantilever 
deflection first stays at the baseline level (point 1 in 
the deflection profile) and then it might bend down 
in response to adhesive or capillary forces (point 2).

On approaching the sample  futher, repulsive tip-
sample forces dominate, the bending of the canti-
lever reverses upwards until it reaches the set-point 
level (point 3) chosen for vertical scanning feedback. 
This is the turnaround Z-position of the cycle. As the 

sample and the tip start to separate, the 
probe might experience strong adhesive 
interactions reflected by a well (point 4) 
in the deflection, before the probe fully 
detaches from the sample and the can-
tilever restores its baseline deflection 
(point 5).

The temporal deflection plot contains 
a wealth of useful information that can 
be detected, also mapped during lateral 
scanning and used for the extraction 
of quantitative local properties of the 
sample: the approaching and retracting 
slopes of the plots in the touching part of 
the cycle are related to the sample elastic 
modulus (and can be recalculated to the 
quantitative local Young’s modulus); the 
attractive wells on the approach or re-
tracting part of the plot can be employed 
for measurements of adhesion; the 

a)

с)b)
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Figure 2. Working principle of HD PFM

baseline level might be influenced by long-distance 
electrostatic and magnetic forces that are sensed by 
probes with conducting or ferromagnetic coatings, 
respectively. These are the well-known features of 
the temporal deflection plots and related deflection-
versus-Z (DvZ) curves (Figure 1c), which have been 
used for a long time in contact mode studies [18, 19]. 
The DvZ or force curves in contact mode are practi-
cally made at the frequencies in the 0.1 – 10 Hz range, 
which substantially limits their applications. 

This hurdle is overcome in HD mode where fast data 
acquisition allows real-time collecting, analyzing and 
displaying the data recorded in the kHz frequency 
range. In addition, the deflection variations in differ-

ent parts of the oscillatory cycle can be detected and 
processed independently in real-time.

One of the features of HD mode is ability of “time 
window” measurements: ability to switch on AC or 
DC voltage supply, signal recording and processing in 
the user-defined part of oscillatory cycle. This feature 
allowed for example to investigate conductivity of 
carbon nanotubes by allying DC voltage and detect-
ing tip-sample current signal in the “time window” 
corresponded to the tip-sample contact (range 2-4 
on the Figure 1(b)) [20].

HD PFM mode working principle also based on the 
“time window” approach (Figure 2).

In the user-defined “time window” referred to the 
tip-sample contact the AC voltage applied between 
conductive coating of the tip and investigated object. 

AC voltage causes mechanical oscillations of 
the sample depending on its local polarization. 
Corresponding vertical (DFL siganl) and lateral 
(LF signal) motion of AFM tip is recorded in defined 
“time window” and processed to get amplitude 
and phase signals. Amplitude of DFL and LF signals 

characterize local piezoelectric coefficient of the 
material whereas the phase signals give information 
about local polarization direction. The full DFL(t) 
curve of each HybriD mode circle is also processed 
to calculate adhesion, E modulus and feedback input 
signals. Thus HD PFM gives complex information 
about sample’s properties through a single 
measurement cycle, and at the same time, makes 
HD PFM nondestructive by retracting the tip from 
the sample at each HybriD oscillating cycle.

a) b)
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RESULTS AND DISCUSSION. COLLAGEN MATRIX

One of the most interesting biomaterials demon-
strating piezoelectricity is collagen fibrils  –  the 
main building component of bones, teeth, corneal 
stroma and blood vessels. Collagen is composed of 
aligned polar protein molecules (fibrils) [21] that 
form a  strong organic crystalline matrix. Piezoelec-
tric properties of single collagen fibrils were recently 
studied with nanometer-level resolution [22,23]. 
Despite this advance, the scientific challenge of any 
piezoresponse study of collagen matrix is still tricky. 

The main issue for traditional contact PFM measure-
ments of these structures is complicated by rough 
surfaces where there is height variation of almost 
one micrometer. This makes AFM tip to cling to the 
single fibrils, and vice versa, highly distorting the to-
pography and piezoresponse images.

Due to its working principle, HD PFM mode was found 
to be a superior technique  for studying collagen 
matrix. The samples were provided by FibraliSgn 

Figure 3. HD PFM images of animal collagen’s matrix. 
Sample courtesy: M. Paukshto, Fibralign Corp.  Images size is 15×15 um. Obtained 
using NT-MDT S.I. Etalon HA_HR probes with force constant of 14N/m

a) b)

Height Lateral PFM phase

c) d)
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Corporation, where a unique technique 
of depositing animal collagen on glass 
substrate was developed [24]. 

Figure 3 illustrates results of HD PFM 
study of type I collagen matrix isolated 
from bovine corneas. Measurements 
were performed with 280 kHz AC 
voltage of 8V applied to conductive tip, 
NT-MDT S.I. Etalon HA_HR/W2C+ probe 
was used with force constant 14 N/m. 

The contrast in (a) covers height 
variation in 0-800 nm range. Lateral 
PFM phase in (b) demonstrates the 
domain distribution, darker and brighter 
areas correspond to the different 
direction of polarization. Adhesion in (c) 
demonstrates tip-sample adhesion force, 
brighter areas correspond to higher 
adhesion. E modulus in (d) demonstrates 
collagen matrix E modulus, brighter areas 
correspond to higher E modulus.

a) b)

c) d)

Peptide nanotubes (PNTs) self-assembled from 
diphenylalanine monomers were recently discovered 
to exhibit strong piezoelectric properties. Kholkin et 
al. demonstrated in-plane PFM contrast and high 
effective d15 piezoelectric coefficient of at least 60 
pm/V [25] (for tubes 200 nm in diameter) which is the 
highest value for known biopiezoelectrics. Together 
with intrinsic biocompatibility and extremely high 
Elastic modulus for molecular crystals this makes 
diphenylalanine PNTs to be very promising materials 
for developing piezonanodevices that are potentially 
compatible with human tissue.

PNTs are challenging samples for traditional contact 
PFM investigation due to their fragility and weak 
contact with a substrate. So there are no PFM images 
of non-destroyed tubes can be found in the literature. 
In contrast HD mode was recently demonstrated to 
be nondestructive tool for investigation of thin PNTs 
(around 10 nm in diameter) of another type in terms 
of obtaining information on topography, adhesion 
and Young’s modulus [20].

Young’s modulus study of this structures is also of 
the great interest since previously measured values 

RESULTS AND DISCUSSION. PEPTIDE NANOTUBES
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Figure 4. Nondestructive imaging of diphenylalanine nanotubes electromechanical properties by the HD PFM. Scan size 7×7 µm. 
Sample courtesy: Dr. A. Kholkin, University of Aveiro, Portugal.
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by different techniques varies from 9 to 32 GPa. Also 
for the best of our knowledge there is no data with 
maps of mechanical properties.

Therefore, it was logical to apply HD PFM to 
diphenylalanine PNTs in order to measure 
piezoresponse, mechanical and electrostatic 
properties. Figures 4 and 5 demonstrate the 
obtained data: topography, lateral piezoresponse, 
deformation map, adhesion and electrostatic 
properties maps of less than 100 nm tubes were 
obtained simultaneously. Measurements were 
performed on NT-MDT Spectrum Instruments AFM 
VEGA with use of NSG30/TiN probe. Lateral PFM 
phase demonstrates PNTs with opposite polarization 
direction corresponding to d15 piezoelectric constant 

(vertical electric field and polarization parallel to the 
tube axis).

Deformation map demonstrated nonuniform 
distribution of nanotubes stiffness. That was referred 
to variation of tube’s inner diameter. Since no one 
of standard contact mechanics models (Hertz, DMT, 
JKR etc.) describe tip-nanotube interaction, FEA 
simulation was applied to quantify transversal Young’s 
modulus. Obtained value of 29±1 GPa coincides with 
previously measured by the Nanoindentation and 
AFM Force Spectroscopy techniques [26].

All HD PFM studies of diphenylalanine PNTs are 
published and discussed in Ultramicroscopy 
journal [27].

Figure 5. Nondestructive imaging of diphenylalanine nanotubes electromechanical properties by the HD PFM. Scan size 8×8 µm. 
Sample courtesy: Dr. A. Kholkin, University of Aveiro, Portugal.
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CONCLUSION

This application note demonstrated a new approach 
for nondestructive compositional electro-mechanical 
studies of soft and fragile piezoelectrics. HybriD 
Piezoresponse Force Microscopy mode has been 
successfully applied for simultaneous investigation 
of topography and local piezoresponse, adhesion and 
E modulus of challenging biosamples – corneal stoma 

collage matrix and self-assembled diphenylalanine 
peptide nanotubes. HybriD Piezoresponse Force 
Microscopy opens up new horizons for atomic 
force microscopy implementation in a field of 
biopiezoelectrics and other areas of material science 
where conventional PFM is inapplicable. 

Study of temperature dynamics of ferro- and 
piezoelectric domains is currently of the great 
interest. Since AFM working principle allows 
measurements under different temperatures of 
a sample, PFM is now widely used for this type of 
study. The biggest drawback of traditional PFM is 
that topography measurement is based on feedback 
control of cantilever deflection.

So any change of sample temperature causes parasitic 
drift of cantilever and as result distorts the obtained 
image. In contrast, HD PFM working principle allows 
drift compensation in each scanning point: feedback 
loop input signal equals not cantilever deflection but 
difference between maximum cantilever deflection 
per oscillatory circle and the baseline level.

One of the model samples to study temperature 
dynamics of ferroelectric properties is triglycine 
sulfate crystal (TGS). Although TGS primitive cell 
consist of more than 100 atoms, the nature of 
spontaneous polarization is very simple.

This sample was used to demonstrate the ability 
of continuous piezoresponse measurement under 
variable temperature. TGS chip was fist measured 
with extremely high for AFM temperature gradient: 
>0.1 °C/sec. Result in Figure 6 demonstrate domain 
morphology dynamic when temperature value goes 
though Curie point. Although parasitic temperature 
drift of the cantilever was more than 100 nm (Figure 
6c), topography and PFM measurements are correct.

Figure 6. In-situ HD PFM study of second-
order phase transition of triglycine sulfate 
crystal. Scan size 15×27 µm. Sample 
courtesy: Dr. R. Gainutdinov, Institute of 
Crystallography of RAS, Russia.

Curie temperature

RESULTS AND DISCUSSION. PIEZORESPONSE STUDY WITH REAL-TIME TEMPERATURE VARIATION
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Figure 7. In-situ HD PFM study of second-order phase transition of 
triglycine sulfate crystal. Scan size 15×15 µm. Sample courtesy: Dr. R. 
Gainutdinov, Institute of Crystallography of RAS, Russia.

Freshly cleaved TGS crystal was also measured near 
Curie point for in situ observation of domain structure 
formation. It was demonstrated that near Curie point 
a quasi-periodic domain structure appears followed 
by well-known oval domain structure (Figure  7). The 
data was obtained with use of NT-MDT Spectrum 
Instruments AFM VEGA and NSG30/TiN probes.
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NT-MDT Spectrum Instruments

HybriD 2.0 control electronics

Parameter Value

High Speed ADC-s 2 × 20 MHz, 16 bit
High Precision ADC-s 4 × 1 MHz, 18 bit

DAC-s 20 x 16 bit 1 MHz 
2 x 12 bit 20 MHz 

FPGA 120 MHz, Floating Point
DDS (Direct digital synthesizer) 2 × 20 MHz
Lock-in Amplifier Band 4 MHz

High Voltage Amplifier
+/-150 V, slew rate 32 V/uSec 
(limited to 33 kHz at 150 V) small signal bandwidth 
500 kHz at < 10V Amplitude

Number of curves per second Limited only by Z scanner resonance frequency

PLL

Operational Modes Self-exciting oscillation, constant amplitude, constant 
excitation

Measurement Resolution 0,3 Hz at 10 kHz BW; 0,02 Hz at 600 Hz BW
Demodulation Bandwidth 500 kHz
Digital Phase Shifter 0 – 360˚ (20 bit); 0,34 millidegree step
Spectrum Analysis Amplitude, Phase
Probe Safety Yes
Output Modulation P-p 10 V, resolution  0,15 mV
Input Signal 10 kHz - 1 MHz; 70 mV - 10 V

Common

PC Interface USB 2.0, Ethernet
Program SDK Labview
Power Supply 100-240 V (50/60 Hz)

Set of modes

HybriD mode, HD QNM, HD PFM, HD ESM, HD KPFM, HD SRI, HD MFM

Attachment


