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Abstract We present two laser ultrasonic receivers based
on organic photorefractive polymer composites with 2[4-bis(2-methoxyethyl)aminobenzylidene]malononitrile
(AODCST) or 2-dicyanomethylen-3-cyano-5,5-dimethyl4-(40 -dihexylaminophenyl)-2,5-dihydrofuran nonlinear
optical chromophores. Experimental results show sensitivities of the ultrasonic receivers of *9.5 9 10-8 nm
(W/Hz)0.5 for both composites, and a faster response time
(*60 ms) for the AODCST-based laser ultrasonic receiver. We show that such LUS detectors are highly suitable
for contactless thickness measurements of aluminum, steel
sheets and defect detection with an accuracy of 100 lm.
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1 Introduction
Laser ultrasound (LUS) is a remote and contactless measurement technique for materials inspection and characterization [1] in hazardous environments or on small areas. In
LUS, a short pulse length laser beam is focused on the sample
surface to generate ultrasonic waves, which are remotely
detected at the surface of the specimen. Noncontact detection
of the ultrasonic waves is achieved by means of interferometers. On samples with rough surfaces, LUS receivers based
on two-wave mixing (TWM) in an adaptive photorefractive
material (PR) beam combiner exhibit high sensitivity [2].
Besides single-crystal photorefractive materials [2, 3]
also polymer composites were used as adaptive beam
combiner in PR interferometers [4, 5], with different
sensitivities, coupling gains and response times [6]. PR
polymer composites are very promising because they have
a higher photorefractive coupling gain in comparison with
PR crystals. Additionally, PR polymer composites are low
cost, they are easily prepared, and they can be tuned for a
wide range of wavelengths [6].
In this paper, we report on LUS homodyne detectors
based on two different organic PR composites. Both
materials are based on a mixture of phenyl-C61-butyric
acid methyl ester (PCBM) as sensitizer, poly(N-vinylcarbazole) (PVK) as hole transporting polymer, either 2[4-bis(2-methoxyethyl)aminobenzylidene]malononitrile
(AODCST) or 2-dicyanomethylen-3-cyano-5,5-dimethyl4-(40 -dihexylaminophenyl)-2,5-dihydrofuran (DCDHF-6)
as nonlinear optical chromophores (NLOs), and liquid
butyl benzyl phthalate (BBP) as plasticizer. We determine
and compare the optical coupling gains, sensitivities and
response times of the composites and show that polymerbased LUS is highly suitable for the remote measurement
of the thickness of metal sheets.
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2 Experimental results and discussion
2.1 Sample preparation and characterization
Two types of organic PR composite polymers, DCDHF6:PVK:BBP:PCBM and AODCST:PVK:BBP:PCBM with
ratios of 35:49.5:15:0.5 wt% [6], were used in this work.
PVK, PCBM and BBP were obtained from commercial
sources, while DCDHF-6 [7] and AODCST [8] (Fig. 1a, b)
were synthesized as reported in the literature. The composites were prepared by stirring the constituents in chlorobenzene overnight. Two glass substrates with indium–tin–
oxide (ITO) coatings were used to place the PR polymers in
between. For fabrication of the conducting electrodes, an
area of 1 9 2 cm2on each substrate was covered with scotch
tape and put in a bath of hydrochloric acid to etch the ITO
from the unprotected region to shape the electrodes. The
polymer mixtures were dripped on the first etched ITO glass
substrates at 45 °C and were dried over night in an oven at
100 °C. Small amounts of each composite were cut and
melted on the substrates at 130 °C; 100-lm-thick glass
spacers were placed around the composite to homogenize
the film thickness. Then, the second etched ITO glass plates
were pressed on top of the film (Fig. 1c).
Figure 2 shows the absorption coefficient of the films in the
wavelength range between 500 and 800 nm. The inset in Fig. 2
shows the normalized absorption of the polymer composites
in solution with absorption peaks at 497 and 434 nm for
DCDHF6 and AODCST, respectively. The spectra were
acquired using UV–Visible spectrometer (Varian Cary-3G).
At a wavelength of 633 nm, the samples exhibit low absorption coefficients a of about 18.7 and 12.8 cm-1 for DCDHF6
and AODCST, respectively. The higher absorption coefficient
of DCDHF6 in comparison with AODCST is also expected
from the normalized absorption peaks shown in the inset of
Fig. 2. The refractive indices of the polymer composites were
measured to be n = 1.55 by using transmission ellipsometry.
2.2 LUS experimental setup

632.8 nm was used as detection laser. An external high
voltage up to 5 kV was applied to the PR sample, corresponding to an applied field of 50 V/lm. The signal
beam is focused on the sample. Both the signal beam
reflected from the sample surface and the reference beam
are focused on the PR composite sample. The beams were
p-polarized with equal intensities of 1 W/cm2. The angle
between the two beams and the tilted angle of the sample
with respect to the normal vector were 30° and 60°,
respectively. This leads to internal angles in the PR
composites of 18.5° and 33.3°, respectively. The reference
beam and the phase-modulated signal beam interfered
inside the PR material. Due to the modulated refractive
index in the PR composite sample, a grating is formed,
the two beams are coupled, and the reference beam is
diffracted in the direction of the speckled signal beam.
The grating spacing with this tilted geometry is approximately 2.1 lm. Polarizing beam splitters and wave plates
were used to adjust the ratio of the signal and reference
beam intensities to their polarization inside the PR composite samples. After the PR composite, the beams were
focused by means of a lens on a silicon photoreceiver
(NewPort 1801-FS) with a bandwidth of 125 MHz.
Before carrying out LUS measurements, the coupling
gains of the materials were determined. First, the signal
beam with an intensity of IS = 1 W/cm2 was directed onto
the PR sample and the transmitted intensity of the beam, ISt ,
after the PR composite was measured. Next, an electric
field was applied to the PR sample, and the transmission
intensity measurement of ISt was repeated. No changes in ISt
and no fanning effect [7] in the PR sample were observed.
Then, the reference beam of equal intensity IS = IR was
switched on and after several seconds switched off again.
The transmitted intensities of both beams after the PR
sample were monitored. The optical coupling gain was then
calculated according to [9]:

t

t

1
I ðIR 6¼ 0Þ
I ðIS 6¼ 0Þ
C¼
cos h1 int ln St
 cos h2 int ln Rt
d
IS ðIR ¼ 0Þ
IR ðIS ¼ 0Þ
ð1Þ

Figure 3 shows the experimental setup of the LUS
receiver. A 4-mW He–Ne laser with a wavelength of

Here h1int, h2int are the internal signal and reference beam
angles, and d is the thickness of the PR sample.

Fig. 1 Molecular structure of
DCDHF-6 (a) and AODSCT
(b). c Scheme of the
photorefractive polymer
composite beam combiner

Glass spacers
Glass

ITO

PR composite

(a) DCDHF-6
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The optical net coupling gains, Cnet = C-a, as a function of the external electric field follow a similar trend for
both PR composites (Fig. 4). With increasing external
voltage, the gain coefficients increase. The optical gain at
50 V/lm was calculated to be *60 ± 2 cm-1 for both
composites. Breakdown usually limits applied field in PR

polymer films. In our samples, breakdown was observed at
voltages higher than 6–7 kV, corresponding to electric
fields of 60 and 70 V/lm, respectively. Figure 4 indicates
the necessity of a high electric field to achieve a high
coupling gain. A good compromise between high coupling
gain and safe operation to avoid electrical breakdown was
found by carrying out experiments with voltages lower or
equal to 5 kV.
The minimum detectable displacement, dmin, on a
sample surface is a crucial figure of merit for interferometers. It is defined as the sensitivity limit of an interferometer with a signal to noise ratio (SNR) of unity for 1-W
signal beam power and 1-Hz electronic bandwidth. For an
ultrasound detector based on a PR material, the SNR is
given by [10]
rﬃﬃﬃﬃﬃﬃﬃﬃ
 
gP aL eCL  1
SNR ¼ 2 kopt d
e 2 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2Þ
hmB
e2CL þ 1
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where kopt = 2p/kopt, kopt is the optical wavelength, g is the
quantum efficiency of the detector, P is the incidence
power of beam on the detector, B is the electronic bandwidth, d is the surface displacement, m is the optical frequency, h is the Planck’s constant, a is the absorption
coefficient of the composite at k, C is the optical two beam
coupling gain of the PR composite, and L is the optical path
length of the beams in the PR material. From Eqs. (1) and
(2), the sensitivities of our LUS interferometers, dmin, and
the sensitivities at SNR = 1, 1 W and 1 Hz were determined. Incident optical signal beam powers of 171 and 185
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Fig. 2 Absorption coefficient of the polymer composites DCDHF6:PVK:BBP:PCBM (circles) and AODCST:PVK:BBP:PCBM (line)
between 500- and 800-nm wavelength. Inset normalized absorption of
the composites in solution
Fig. 3 Experimental setup of
the polymer composites
ultrasonic detector based on
TWM measurements: HWP
half-wave plate, QWP quarter
wave plate, PBS polarizer beam
splitter, M mirror, L lens, PRC
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Fig. 4 Optical net gain coefficient versus applied electric field for
AODCST/PVK/C60/BBP (squares) and DCDHF-6/PVK/C60/BBP
(circles)

lW were measured on a 125-MHz photoreceiver with
g = 0.63 for both PR composites at 50-V/lm electric field.
The sensitivity of both LUS interferometers was calculated
to be *0.1 nm, which corresponds to a sensitivity limit of
*9.5 10-8 nm (W/Hz)0.5.
To measure the sensitivities of the PR polymer detectors, a transducer with resonance frequency of 500 kHz and
maximum stroke of 3 lm/150 V was used. As a sample, a
small circular mirror with 4 mm diameter was mounted on
the transducer surface to reflect the phase-modulated signal
beam. Firstly, a Michelson interferometer was used to
calibrate and investigate the linear response of the transducer for different applied voltage. By applying sinusoidal
signals with different amplitudes to the transducer, the
linear response of the transducer for applied voltages from
0.05 to 150 V was found and then the calibrated transducer
was used in each PR polymer setup to detect the ultrasonic
displacements.
We observed that the frequency response of our PR
polymers for the frequencies above 10 Hz is constant, and
therefore, to characterize the PR interferometers, the
transducer was driven at a frequency of 100 Hz by
applying low voltages. The generated sinusoidal displacements were detected by using the LUS receivers, and Fig. 5
shows the amplitudes of the detected signals as a function
of the applied vibration amplitudes of the mirror. The
signals amplitude increases linearly with the applied
vibration amplitude for both polymers.
Minimum detectable displacement (sensitivity) can be
measured by using the noise level line, which is a main
limiting parameter in a PR interferometer. For a detector, at
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Fig. 5 Amplitude of the modulated signals received by PR detectors
based on DCDHF-6 and AODCST as a function of the applied
ultrasonic amplitude at 100 Hz

very low laser power, the noise level is very low about zero
(low-amplitude electronic noise and no photonic noise), but
in our experiments, the input laser power to the photodetector after the polymer samples is more than 170 lW,
which increases the photonic noise in the photodetector.
The other noise that contributes to the experiment results is
the electronic noise. These two noises will increase the
total noise level (*1 mV in the experiments) and can limit
the interferometer sensitivity. The smallest measurable
displacement for our PR composites was estimated around
0.2 nm, which agrees well with the calculated value of
0.1 nm.
In order to estimate the speed of the LUS interferometers, the response times, s, of the PR materials have to be
determined [2, 10]. The hologram formation time is given
by the separation, transportation and trapping time of the
electrons and holes over the grating space, which causes
the generation of an internal space charge electric field and
an index grating in the PR material. One method to measure the speed of the PR composites is to modulate the
single beam phase at different frequencies [2]. Figure 6
displays the amplitudes of the detected signal beams as a
function of the applied frequency on the transducer for the
PR composites based on DCDHF-6 and AODCST. Both
PR composites show a similar frequency response, but with
different response times. To evaluate the response times of
the organic PR composites, theoretical curves given by [2]
"
Aðf Þ ¼ A0

2pf s
ð1 þ ð2pf sÞ2 Þ1=2

#
ð3Þ
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Fig. 6 Modulated amplitudes as a function of frequency for LUS
detector based on DCDHF-6 (circles) and AODCST (squares) PR
polymer composites. The dashed lines display fits to the experimental
data
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were fitted to the data points. Here A0 is the modulation amplitude, f is the modulation frequency, and s is
the response time of PR material. The grating formation times from curve fitting (dashed lines in Fig. 6)
for the DCDHF-6 and AODCST composites were
determined to be approximately 195 and 60 ms,
respectively, which correspond to cutoff frequencies
(fcut = 1/2ps) of *1 and 3 Hz. Note that these results
were measured under the same experimental conditions.
The grating response times could be made faster by
applying higher electric fields to the samples or by
using higher laser intensities of the interfering beams
inside the PR composites [2].
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2.3 LUS measurements
The previous experiments suggest the important application of our polymer-based LUS receiver for the contactless
measurement of metal sheet thicknesses, for example, in
steel industry [1]. For samples with scattering surfaces, an
interferometer based on a PR material is particularly suited,
as the reference beam is adapted to the scattered signal
beam. Thus, such an interferometer allows, for example,
online investigation of hot moving metal plates to determine the thickness and detect the defects such as holes and
surface cracks where contacting methods are prohibited.
Such measurements can be performed by investigation of
reflected surface and bulk waves in material and their time
of flight.
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Fig. 7 Measured longitudinal echoes detected in transmission geometry on (a) an aluminum sheet with 3 mm thickness (b) on a 9-mmthick steel sample using DCDHF-6:PVK:BBP:PCBM (red lines) and
AODCST:PVK:BBP:PCBM (green lines) photorefractive polymer
interferometers at 50 V/lm

2.3.1 Contactless thickness measurement
To demonstrate the suitability of our LUS receivers for the
remote thickness measurement of metal sheets, experiments were carried out on a 3-mm-thick aluminum sheet
and a 9-mm-thick steel plate. To investigate the aluminum
and steel plate thicknesses, pulses from a 1,064-nm
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Fig. 8 a Schematic of the
experimental arrangement for
defect detection on the surface
of a 3-mm-thick aluminum
sheet based on an
AODCST:PVK:BBP:PCBM
photorefractive interferometer
using a line generation with
5 mJ energy (b). Detected
ultrasonic signals of the surface
(Rayleigh), longitudinal bulk
waves and reflected surface
waves from the surface defect,
clearly display the defect profile
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Nd:YAG laser were focused on the backside of the samples
with pulse lengths of 20 ps, an energy of 5 mJ and a spot
size of 50 lm to generate ultrasonic displacements (Fig. 3).
The reflected longitudinal waves on the front side of the
sample were detected utilizing both LUS PR polymer
composites. The resulting time traces were acquired using a
digital oscilloscope. For all experiments, the reference and
the signal beam intensities on the samples were equal
(1 W/cm2); the applied voltage was 5 kV.
Figure 7 shows that under similar experimental conditions, the detected bulk ultrasonic echoes on the surface of
the 3-mm-thick aluminum sample (a) and on the 9-mm-thick
steel sample (b) are clearly distinguishable. At time t = 0, a
positive pulse can be identified, which is the result of coupling of the picosecond excitation pulse into the detection
system. By using an infrared optical filter in front of the
photodiode, this pulse could be reduced. For the aluminum
sample, the detected ultrasonic echoes are periodic.
We measured the upper limitation frequency of the setup
by calculation frequency spectrum of the first longitudinal
pulses which changes from 25 to 30 MHz. It is strongly
depended to the excitation laser spot size on the sample
surface. The compensation frequency (cutoff frequency) is
lower than 10 Hz, and above this frequency, the setup has a
flat frequency response (Fig. 6).
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By using the period of the displacement signals of
*940 ns and the longitudinal ultrasound velocity of
approx. 6,400 m/s for aluminum, a thickness of 3.08 mm
was determined. For the steel sample, only one pulse could
be detected. The time of flight of the first echo was measured to be *1,570 ns. This results in a sample thickness
of 8.9 mm.
2.3.2 Remote defect detection
Industrial applications of noncontact ultrasound interferometers are found in the detection of surface defects. The
technique allows for the estimation of the defect position
and profile with good spatial resolution [1]. We have prepared a sample with an artificial hole of 1 mm radius as
surface flaw on a 3.5-mm-thick aluminum plate, to demonstrate the capability of our fast AODCST:PVK:BBP:
PCBM LUS detectors. As shown in Fig. 8a, we have
scanned the sample surface with a laser line of 8 mm
length, 100 lm width and 5 mJ energy. To keep the distance constant between the generated laser line on the
sample and the detection point, the sample was moved in
Y direction about 6.5 mm with a scan step of 75 lm.
Figure 8b shows the detected ultrasonic signals of the
surface (Rayleigh), longitudinal bulk waves and the

Laser ultrasonic receivers

reflected surface waves from the surface defect which
obviously displays the defect profile. From the surface and
longitudinal wave speeds, about 3,000 and 6,400 m/s in
aluminum, the defect location, the defect profile and the
sample thickness are accurately determined.
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3 Conclusions
References
In conclusion, we used two PR polymer composites,
DCDHF-6:PVK:BBP:PCBM and AODCST:PVK:BBP:
PCBM, as photorefractive materials in a homodyne LUS
interferometer. We showed that the ultrasonic detector
based on the AODCST as nonlinear optical chromophore
has a faster response time (*60 ms) than that with
DCDHF-6. For detection of ultrasound waves, both LUS
polymer detectors showed the same sensitivity (*0.1 nm).
The polymer ultrasound receivers were successfully used to
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plate and a 9-mm-thick steel sample. By measuring the
time of flight of the detected longitudinal bulk waves in the
samples, thicknesses of 3.08 and 8.9 mm were calculated
for aluminum and steel plates, respectively. The fast
ultrasonic AODCST:PVK:BBP:PCBM detector was successfully used to detect a surface defect. The profile and the
location of a hole with 1 mm radius on the surface of an
aluminum sample were accurately determined. The LUS
measurements show the large potential of organic polymerbased ultrasonic receivers for noncontact and nondestructive testing investigations on metal sheets.
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