
LAwave® – CHARACTERIZATION OF THIN 
FILMS AND MATERIAL SURFACES BY LASER 
ACOUSTICS

Non-destructive characterization by laser induced surface acoustic waves
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Overview

LAwave® is a measurement system that allows non-
destructive characterization of films and material surfaces. 
It uses short laser pulses to create surface acoustic waves, 
measuring propagation velocity for all frequencies of the 
wave pulse.  The so-called dispersion curve depends on 
the elastic modulus (Young’s modulus), density, and thick-
ness of the surface layer. 

The method has a wide field of applications, ranging from 
PVD coatings, CVD coatings, thermal-sprayed coatings, 
bulk materials, and many more. Furthermore, various 
properties that affect the surface and subsurface can be 
obtained from the elastic behavior, like porosity, cracks, 
delamination, hardening, and machining layers. The mea-
surement is sensitive to films with a thickness ranging from 
only a few nanometers up to several hundred micrometers 
with rough surfaces, and can be applied for materials as 
soft as polymer and as hard as diamond. 

The elastic modulus is a fundamental material parameter 
that characterizes the mechanical behavior of the material. 
The stronger the inter-atomic bonds in the material are, 
the higher the Young’s modulus is. Therefore, it is a useful 
indicator of the micro-structure. Micro-defects and pores 
represent missing bonds in the material which reduce the 
Young’s modulus and allows evaluating defect density and 
porosity.

Physical Principles

Surface acoustic waves are elastic vibrations propagating 
along the surface of the material. The elongation is in the 
nanometer range and completely linear-elastic, therefore, 
the material is not irreversibly influenced by the measu-
rement. Additionally, the penetration depth is only in the 
dimension of the wavelength while the wave energy is 
concentrated at the surface. For higher frequencies, the 
penetration depth of the wave is reduced and the effect 
of the film on the surface acoustic wave increases. Thus, 
films that are considerably thinner than the wavelength 
still influence the wave velocity. 

Figure 1 displays two examples of dispersion curves mea-
sured on silicon wafers. For the uncoated sample, the 
wave velocity is constant and does not depend on the 
frequency. 

For the wafer coated with 72 nm diamond-like carbon 
(DLC), the velocity increases due to the higher Young’s 
modulus of the film compared to the substrate. As both 
samples have the same substrate properties, their curves 
intercept at the same point, f = 0 MHz, corresponding to 
the phase velocity of silicon.

Figure 1: Effect of a 72 nm thick DLC film on the phase velocity c of the 

surface acoustic wave versus the frequency f. Solid lines represent measured 

data, dashed lines the fitted theoretical model.

After measuring the dispersion curve with the LAwave® 
system, it is mathematically fitted to a theoretical model 
of wave propagation, where the material parameters of 
interest can be determined.

Highlights

Non-destructive
Film thickness from a few nanometers to several 
hundred micrometers
Film properties from polymer to diamond
Measuring time less than one minute
High reproducibility
Measurement of integral properties 
Easy to use
Measurement area: minimum 5 × 5 mm
Few requirements for the sample geometry
Low effect of surface roughness
Complies with EN 15042-1
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Technique

Figure 2: Schematic outline of the LAwave® system

Figure 2 shows the main components of the LAwave® 
system. A nitrogen pulse laser creates surface acoustic 
wave impulses. This non-contact method enables accura-
te positioning of the ultrasound source and reproducible 
creation of the wave impulses. A cylindrical lens focuses 
the laser beam into a line whereby an approximate plane 
wave is emitted. Due to the short duration of the laser 
pulse of 3 ns, an acoustic impulse with a wide frequency 
spectrum is created. After travelling through the material 
of interest, the ultrasonic impulse is received by an acous-
tic sensor that is in contact with the surface.

The acousto-electric properties of the sensor deter-mine 
the frequency range of the measurement. A wideband 
sensor with a frequency range of 30 MHz to 200 MHz 
is used to measure thin films. The laser-acoustic signal is 
created by a piezo-electric PVDF foil connected to the sur-
face by a steel wedge. For rough surfaces and materials 
with high acoustic damping, an ultrasonic standard sensor 
with a frequency range of 2 MHz to 20 MHz is used. At 
the end, the laser-acoustic signal is amplified and recorded 
by an oscilloscope.

Both laser and its optical components are fixed on a trans-
lation stage and are moved together for a series of measu-
rements. That way, the laser acoustic signals are detected 
at different distances xi from the laser focus line. 

The signals are Fourier-transformed and the phase spectra 
Φi(f) are calculated (i = 1 and 2). The dispersion curve c(f) 
can be calculated by the following relation.

The measurement of differences between two measure-
ment locations is used to overcome the technical difficul-
ties for the absolute measurement of the distance bet-
ween laser focus and sensor. 

Figure 3: Cross section of the LAwave® device, showing laser, optical, 

sample, and sensor components

Figure 3 shows the LAwave® device. It consists of the fol-
lowing components:

	� Mirror to direct the laser beam to the sample surface

	� Cylindrical lens to focus the laser beam on the 		
	 sample surface

	� Adjusting screw to focus the laser on the sample 	
	 surface

	� Acoustic sensor

	� Manual positioner to connect the sensor to the 	
	 sample surface

 

Technique
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Software

The measurement system includes three programs, which 
run on a Windows operation system. 

The software that performs the measurement is shown in 
Figure 4 and Figure 5. It controls the laser, the oscillosco-
pe and the translation stage during measurement. After 
having recorded a set of signals for different distances bet-
ween the laser focus line and the sensor, the dispersion 
curve is calculated. An example is shown in Figure 4 for a 
silicon substrate coated with a diamond film.

The following data can be saved:

	� Dispersion curve in an ASCII file

	� Laser-acoustic signals in a binary file

The measuring module features a quick calculation of 
either Young’s modulus or thickness of the film by fitting 
a theoretical curve to the measured curve.

For a more detailed analysis, the curve fitting software F5s 
and F6s are provided that allow fitting of several para-
meters. Figure 6 shows screenshots of the program with 
all parameters involved in the theory: elastic properties 
and density of the substrate as well as elastic properties, 
density, and thickness of the film. While the software F5s 
supports one and simple two layer systems, F6s considers 
up to five layers in a stack.

Data for not fitted parameters can be entered manually 
or taken from a data base, in which new materials can be 
added. 

At the end of the analysis, material parameters calculated 
by the fit can be saved to an Excel file.

Figure 4: Laser-acoustic signal detected on a silicon substrate with a dia-

mond film

 

Figure 5: Measured dispersion curve (dark blue) and fitted theoretical dis-

persion curve (light blue) for a silicon substrate with a diamond film. The 

pulse amplitude is shown as a brown line. The elastic moduli of film and 

substrate were calculated by fitting.

Figure 6: Screenshot of program windows for fitting single layer (F5s) and 

multi-layer (F6s) systems. The graphic window displays both the measured 

dispersion curve and the fitted theoretical model.

Software
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Examples of Applications 

Nanometric DLC films

	� Film thickness: 3 nm to 100 nm

	� Film properties: super-hard

In case of hydrogen-free diamond-like carbon (DLC) 
films, the strength of the inter-atomic bonds deter-mines 
both Young’s modulus and hardness. A high ratio of sp3 
hybridized carbon atoms will increase the overall bond 
strength, which is favorable for protective coating appli-
cations. For example, DLC films with a thickness of only 
a few nanometers are suitable to protect the surface of 
computer hard disks, but it is difficult to reliably measure 
the mechanical properties of such thin films. 

In previous studies, an empirical correlation of density and 
Young’s modulus has been found for hydrogen-free dia-
mond-like carbon films. 

This correlation is implemented in the material data base 
and then considered in the fitting procedure as an additio-
nal boundary condition. 

Films with thicknesses of a few nanometers change the 
wave velocity by only a few meters per second within a 
frequency range of 100 MHz. Therefore, the velocity has 
to be measured over a wide frequency range and with a 
high accuracy, which can be achieved by a long measure-
ment distance. 

In this case, a distance of 25 mm was used to measure 
the films with thicknesses lower than 10 nm. The values 
of the Young’s modulus were scattered by less than 5%. 
Due to the thin films investigated in this example, know-
ledge of the film thickness is required for the calculati-
on of the modulus. The film thickness was measured by 
ellipsometry. 

Figure 7 shows the values of the Young’s modulus measu-
red for DLC films with thicknesses of 3 nm to about 100 
nm. Below 10 nm, the modulus decreases steadily with 
decreasing film thickness. This results from a very thin soft 
graphitic layer at the surface of the film, where the residu-
al stress is not high enough for the carbon atoms to form 
diamond-like bonds. 

Figure 7 also shows that a lower deposition temperature 
increases the Young’s modulus. This result indicates that 
the contents of diamond bonds and hardness increase 
with decreasing substrate temperature.  

Examples of Applications 

Figure 7: Young’s modulus of hydrogen-free DLC coatings in dependence of 

coating thickness, showing the influence of deposition temperatures and different 

PVD technologies.
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Examples of Applications 

Sensor films

	� Film thickness: 200 nm to 600 nm

	� Film properties: polymeric

Polymeric films can be used to measure humidity, chemi-
cal substances, and mechanical deformation. Application 
of such sensors requires knowledge of their mechanical 
properties. Figure 8 shows the Young’s modulus and den-
sity of polyamide films measured with the LAwave method 
versus the implantation dose of B+ ions. 

The mechanical properties of polymers are described by 
the laws of viscoelasticity, making use of rheologi-cal 
models. In contrast to testing methods based on quasista-
tic deformation and the resonance vibration of the sample, 
the LAwave® technique applies a very high deformation 
rate at very small deformations. Thus, the test yields the 
parameter for the linear-elastic behavior of the polymer, 
whereas the viscous flow is not stimulated by frequencies 
in the range of 100 MHz.

High frequency acoustic waves cannot penetrate bulk 
polymeric samples due to the high internal friction. Howe-
ver, the LAwave® method can perform such tests if the 
polymer is deposited as sufficiently thin film on a subs-
trate that serves as an acoustic wave-guide. It has to be 
considered that there is a critical limit of the film thickness 
beyond which high frequency surface acoustic waves are 
completely damped by the polymer film. Depending on 
the properties of the polymer material, this thickness is 
limited to the range of 5 µm to 10 µm. 

Figure 8: Young’s modulus and density of polymeric sensor films versus the 

B+-ion implantation dose. Fitting the dispersion curve yielded both material 

parameters from one measurement. 

 

Subsurface damage

	� Damage depth: up to 20 µm

	� Surface with high micro-defect density

Sawing a semiconductor wafer from an ingot produces a 
region of high defect density at the surface, which has to 
be removed by a careful grinding and polishing process. 
Determining the depth of this sub-surface damage is desi-
rable in order to optimize the machining process.

Figure 9 shows dispersion curves in the as-sawn state, 
after some grinding steps, and for the final polished sur-
face of the wafer. The defective zone has the effect of 
a surface layer with a lower Young‘s modulus than the 
substrate. Therefore, dispersion curves decay with higher 
frequency. Removing this layer reduces the negative slope 
of the dispersion curve. For the finished wafer, a disper-
sion curve is measured that is parallel to the frequency 
axis, corresponding to a homogenous material. Hence, the 
slope of the dispersion curve depends on the depth of the 
subsurface damage.

A calibration function can be established to calculate the 
damage depth from the slope of the dispersion curve. 
Therefore, an as-saw wafer is repeatedly measured, while 
subsequently removing a defined portion of the damage 
layer by etching. This process is continued until the com-
plete damage layer has been removed and the dispersion 
curve is a horizontal, corresponding to bulk silicon. 

This calibration database is part of a special LAwave® soft-
ware version that is offered for this application.

Figure 9: Dispersion curves measured on silicon wafer surfaces in the as-

sawn, grinded, and polished state.

Examples of Applications 
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Examples of Applications 

Thermal-sprayed coatings

	� Coating thickness: 100 µm to 600 µm

	� Rough, as-sprayed surfaces

Thermal-sprayed coatings often contain pores that result 
from the manufacturing process. These pores can signifi-
cantly reduce stiffness and strength of the coating, which 
makes their characterization highly relevant to control 
both spraying process and coating properties. Conventio-
nal characterization by preparing a cross-section is time 
consuming and destructive, which is not an option for 
most components. 

The LAwave® method overcomes theses disadvantages by 
providing a fast and non-destructive method to assess the 
porosity of thermal-sprayed coatings. 

Table 1 compares Young’s moduli measured for sprayed 
coatings and the bulk material. The values of the coatings 
are sometimes considerably lower than those of the bulk 
material, indicating a high number of micro-voids in the 
coatings. The results also reveal the coating quality to 
depend on the spraying technology. HVOF-coatings (HVOF 
- high velocity oxy fuel spraying) have the highest Young’s 
modulus, followed by suspension sprayed coating and 
APS sprayed coatings (APS - atmospheric plasma spray-
ing). The results suggest that in this case HVOF-coatings 
are the most compact with highest mechanical strength. 

Table 1: Young’s modulus of thermal-sprayed coatings compared with bulk 

material

The rough surfaces of the sprayed coatings often compli-
cate the measurement. Roughness and defects also scatter 
ultrasonic waves of high frequencies. Therefore, measure-
ments have to be performed in lower frequencies, where 
the surface acoustic waves are able to pass the material. 
Exchangeable acoustic sensors allow the choice of a suita-
ble frequency range. In the case of thermal-sprayed coa-
tings a transducer with a frequency range of 2 MHz to 20 
MHz is used. 

The effect of roughness on the laser-acoustic results was 
investigated for different thermal-sprayed coatings mea-
sured on the as-sprayed surface and after a grinding pro-
cess to reduce the roughness.

Figure 10 compares the results obtained at the two sur-
faces with mean roughness index Ra. The slope and the 
coefficient of correlation of the linear regression confirm 
a good agreement of the results at both surfaces. As a 
conclusion, roughness in the range of several microme-
ters does not influence the results of the laser-acoustic 
method. 

 

Figure 10: Comparison of Young‘s modulus of different thermal-spayed 

coatings measured with LAwave® on the rough, as-sprayed surface and the 

grinded surface  

Examples of Applications 
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LAwave® Technical Specifications

Pulse laser 
with protective shield

Type
Safety class without shield
Wavelength
Pulse energy
Pulse duration
Pulse repetition rate

MNL 103-LD
3B
337 nm
> 90 µJ
3 ns
10 Hz

Digital oscilloscope
with integrated PC

Type
Sampling rate
Bandwidth
Operating System

DSO Infiniium
10 GSa/s
> 300 MHz
Windows 7

Translation stage Type
Travel range
Unidirectional repeatability
On-axis accuracy

Newport UTS50CC
Max. 50 mm
1 µm
5 µm for 50 mm

Repeat accuracy of phase velocity 
measurement

Measuring distance: 10 mm
Measuring distance: 50 mm

Δc/c < 1.10-4
Δc/c < 2.10-5

Sample table Diameter Standard: 150 mm (standard)
Optional: customized table

Acoustic  sensor High frequency range
Low frequency range (optional)

30 MHz – 200 MHz
2 MHz – 20 MHz 

Software Measurement software
Evaluation/Fitting

LAwave
F5s (1 layer), F6s (up to 5 layers)

Dimensions (width × depth × 
height), weight

Laser device
Oscilloscope & connection box

0.25 × 0.60 × 0.25 m³, 26 kg
0.52 × 0.50 × 0.55 m³, 30 kg


