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Abstract: In this work we present an adaptive holographic interferometry sensing system for measurement of 
nanoscale displacements of micro- and macro-objects. The system is based on using dynamic hologram 
continuously recorded in photorefractive CdTe crystal. Theoretical limit for displacement detection which can 
be provided by the system is 0.1 nm. It is experimentally demonstrated that system is able to detect a 
displacement from 0.7 nm up to 266 nm in linear regime. We also present theoretical model of adaptive 
interferometer operation which take into account a displacement speed. Due to its adaptive properties the 
measurement system can be used for inspection of sub-micro-scale objects with arbitrary shape and surface 
profile. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 

 

Intensively growing in the last decade a research 
activity in the field of nanotechnology determines a 
need in precision measurements of ultra-small 
physical quantities such as the nanoscale 
displacements, vibrations, rotations and so on [1-2]. 
It, in turn, requires development of new highly 
sensitive and highly accurate measurement systems. 
Today the most perspective systems for such 
applications are systems based on non-contact optical 
methods of laser interferometry. Essentially, 
interferometry systems are the most sensitive 
instruments for detecting and measuring a wide class 
of physical quantities, including the parameters of 
displacement of objects [3]. However the high 

sensitivity of interferometer makes it open to an 
influence of external factors (e.g. fluctuation of 
temperature, air pressure, uncontrolled deformations, 
microseismic vibrations, etc.) which requires 
application additional approaches for stabilization of 
the system operation. In this relation different 
approaches based on using active stabilization [4-5], 
multiple wavelengths [6], tunable diffraction gratings 
[7] or optical feedback [8] were proposed. However 
all of them make a measuring system more 
complicated and introduce new sources of noise (e.g. 
noise from electronic control circuits) which limit the 
system sensitivity and narrow an application area. 

In this paper we propose a measurement system 
for nanoscale displacement measurement based on 
adaptive holographic interferometer using two-wave 
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mixing (TWM) [9-10] on dynamic hologram 
recorded in photorefractive crystal (PRC). The 
system has simple design, does not require any 
feedbacks or stabilization electronics, and operates at 
single wavelength. Adaptive properties of the system 
allow one to perform precise measurement of ultra-
small displacements and vibrations of an object 
under study in unstable environment. Moreover, 
displacement of not only macroscale but also 
microscale and sub-microscale objects can be 
inspected by the proposed system due to holographic 
principle of measurement. 

 
 

2. Nanoscale Displacement Detection 
System 
 
The developed adaptive detection system is 

shown in Fig. 1. The light beam from Nd:YAG laser 
generated radiation with output power 25 mW at 
wavelength 1064 nm is split onto two light beams - 
reference and object. 

 
 

 
 

(a) 
 
 

 
 

(b) 
 

Fig. 1. Scheme (a) and photo (b) of the adaptive 
holographic sensory system for displacements detection: 

λ/4 – quarter-wave plate, PD - photodetector,  
PRC - photorefractive crystal, S1 – beam-splitter. 

 
 
The latter is focused on the studied object, 

reflects from it and then is directed into the semi-
insulator photorefractive CdTe crystal. In the crystal, 
the object beam interferes with reference one and 
forms the dynamic hologram. The beams interaction 

on the dynamic hologram enabled transformation of 
transient phase change caused by object displacement 
into the intensity modulation, which is easily 
registered by photodetector [9].  

The dynamic hologram is recorded in a PRC 
during specific time called the recording time, tR. The 
recording time (which depends on the crystal and 
light intensity) define one of the main parameters of 
the adaptive interferometer – its cut-off frequency 
which determines ability of the interferometer to 
adapt itself to uncontrolled changes of environment 
[11]. For the intensity of the object beam equal to 
177 W/cm2, the cut-off frequency of the system 
amounted 1.2 kHz. This means that all vibrations and 
noises in the frequency range lower than 1.2 kHz 
(which cover most of industrial noises) would be 
filtered by the adaptive system and took no effect on 
results of measurement. 

The second important parameter of the system is 
the relative detection limit (RDL), δ, which used as a 
criterion of the system sensitivity. In fact, RDL is the 
ratio of the minimal phase modulation detected by 
adaptive interferometer, φA, to the minimum phase 
modulation which can be registered by classical 
homodyne lossless interferometer, φC (which is equal 
to 1.5 × 10-19 rad (W/Hz)1/2) [11]. For the adaptive 
interferometer operated at wavelength  
λ = 1064 nm, the RDL was found  
equal to 16. Thus the absolute value of detection 
limit recalculated to the displacement is 
xA=λφCδ/(2π)=2.03×10–6 rad (W/Hz)1/2. When the 
bandwidth of the adaptive interferometer  
is Δf = 17 MHz and the object beam power is 5 mW, 
the absolute detection limit to the displacement can 
be as low as 0.1 nm. 
 
 
3. Measurement of Nanoscale 

Displacements 
 

A piezoelectric transducer has been used to 
provide a movement of a macro-scale object (a flat 
mirror). AC voltage of various shape (saw tooth, 
triangle and square) and duration (from tens 
microseconds to hundreds of milliseconds) was 
applied to the transducer. Because of the adaptive 
properties the measuring system would react 
differently to the object's displacements made on 
different speeds. In other words, the system is trying 
to adapt itself to slow displacements (committed for 
the time much longer than the recording time tR of 
the hologram) and detect the fast displacements. 
Therefore there is a characteristic velocity, V0, of the 
displacements in which relation all displacements can 
be divided in two groups – fast and slow moving. 
This characteristic velocity is determined by the time 
of the hologram recording in a PRC and is can be 
estimated as: 

 

t
=V

r
0 8

λ
 (1) 
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In adaptive interferometer the time of hologram 
recording is determined by the radiation intensity (in 
inverse ratio) [9] and is defined experimentally under 
the reference beam intensity 16 W/cm2 (tr = 60 ms), 
thus characteristic velocity is 2.2 µm/s.  

Fig. 2 illustrates oscillograms of signals detected 
from the object moved at speeds 0.32 µm/s, 5.2 µm/s 
and 36 µm/s.  

 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 2. The oscillograms of the detected signal and the 
driving voltage applied to the piezoelectric transducer 
providing object movement at speeds (a) 0.32 µm/s,  

(b) 5.2 µm/s and (c) 36 µm/s. 
 
 

It can be seen from Fig. 2a that displacements 
with amplitude 2.9 nm are detected. The minimum 

amplitude of detected displacements at such speed is 
1.5 nm. At velocities close to the characteristic  
(5.2 µm/s) the maximum amplitude of displacement 
is 3.1 nm and the minimum one is 1 nm (Fig. 2b). 
One should notice that for the low-speed 
displacements the recorded signal is very noisy, 
because the dynamic hologram is self-adjusted to all 
changes of the object wave including caused by 
object movements. For the fast displacements  
(Fig. 2c) the maximum and minimum detected 
displacements are 3 and 0.7 nm, relatively. Fig. 2c 
clearly shows that there is a difference  
between the detected signal and the signal defining 
displacements. It can be explained by resonance 
properties and limited response time of the 
piezoelectric transducer which generate  
object movement. 

In our work, we also tested the adaptive 
interferometer for its ability of detecting a movement 
of microscale objects (e.g. MEMS elements in 
practical applications). The micro-cantilever with 
dimensions 215×42×8 µm3 was used as an object 
which displacements are to be measured.  
It was mounted on the electro-induction  
mechanical transducer driven by AC voltage at 
frequency 400 Hz. 

Fig. 3 demonstrates oscillograms of the recorded 
signal at speeds 171 µm/s and 444 µm/s. The Fig. 3a 
illustrates the signal from the object displaced with 
amplitude up to 80 nm with velocity above 170 µm/s. 
The Fig. 3b shows the detected displacements at 
speed 444 µm/s. Maximum amplitude of registered 
displacements reaches 260 nm in this case. As it 
shown on Fig. 3a and Fig. 3b, the recorded signal is 
π/2-phase shifted in relation to driving AC voltage. It 
is addressed to inertia properties of the mechanical 
transducer. Since the linear mode of phase 
demodulation in the adaptive interferometer is 
limited by amplitude of phase modulation equal to 
λ/4 [2], the displacements with the amplitude 266 nm 
(for λ=1064 nm) and more lead to the appearance of 
additional harmonics in the detected signal.  

So, this value can be considered as the maximum 
of the displacement amplitude which can be detected. 
In its turn the minimal limit for displacement 
detection depends on noise level, and for the 
measuring system it was amounted to 1.7 nm. 

 
 

4. Conclusions 
 

The adaptive holographic interferometry sensing 
system for measurement of nanoscale displacements 
of micro- and macro-objects is developed and 
studied. The system is based on using dynamic 
hologram continuously recorded in photorefractive 
CdTe crystal. System was successfully tested for 
detection of displacements of the objects moved at 
speed from 0.32 μm/s to 444 μm/s. Theoretical limit 
for detection of displacement is 0.1 nm, while in the 
experiment this limit is restricted by noise and 
amounted to 0.7 nm.  
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(b) 
 

Fig. 3. The oscillograms of the detected signal and the 
driving voltage applied to the induction transducer 
providing object movement at speeds (a) 171 µm/s  

and (b) 444 µm/s.  

 
 
Due to holographic principle of object wave 

reconstruction the measurement system can be used 
for study of micro-scale objects with complicated 
shape and uneven surface. In the case of inspection 
of micro-scale objects, displacements of order 1.7 nm 
and higher can be detected and measured.  

The system developed can be used in the area of 
controlling and real-time monitoring of ultra-small 
displacements, dynamic deformations, high 
frequency vibrations, rotation and so on of parts of 
mechanical devices, including micro- and sub-micro-
scale objects such as MEMS and NEMS. Due to 

adaptive properties of the system such measurement 
can be carried out in industrial environment. 
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