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EO Polymer-Based Integrated-Optical Acoustic
Spectrum Analyzer

Araz Yacoubian, Vadim Chuyanov, Sean M. Garner, William H. Steier, Albert S. Ren, and Larry R. Dalton

Abstract—An acoustic spectrum analyzer based on electrooptic than 50 GHz. Photodetector SNR is inversely proportional to
(EO) polymer integrated optics is presented. The device is used in pandwidth [7]. Therefore, downconversion allows detection
a scanning heterodyne geometry by zero biasing a Michelson in- ¢ 5 rrow band high frequency vibrations with low frequency

terferometer. It is capable of detecting vibrations from DC to GHz . - ;
range. The novelty of this work is applying EO polymers to high detectors, resulting to higher SNR than one would obtain

frequency acoustic sensing applications. EO polymers have beenWithout heterodyning.

extensively used for communication devices. However, their use A device is proposed and analyzed that is capable of down
in high frequency sensing applications remains unexplored. The converting gigahertz acoustic vibrations to kHz—MHz frequen-
sensor presented here is designed to analyze thin film structure by ¢;o5 making use of an electrooptic modulator. The downcon-
utilizing high frequency capabilities of EO polymers. The advan- ted si lis then detected using low f hotodet
tage of this approach over existing methods is in its potential to verted signal 1S _en etected using O_W requency photo _e ec-
detect vibrations over 100 GHz with low drive voltages ¥, less tors and electronics. Therefore, detection of narrow band vibra-
than 1 V), using a device that is completely electrically controlled tions up to 50 GHz, for example, would require a RF signal

with no mechanical moving parts. Low frequency tests indicate gource of up to 50 GHz, while requiring only a low frequency
good agreement between experimental results and theoretical pre- (kHz—MHz) photo-detector.

dictions. Acoustic vibrations excited by pulsed Nd-YAG laser are

detected to frequencies up to 200 MHz using the device presented. R€cently, a technique called picosecond ultrasonics [8]-[22]

has been used to analyze sub-micron structures and to analyze
thin films. It utilizes a pump-probe geometry, and makes
measurements in the time domain with the help of a moving
mirror/prism used for optical delay. The sensor presented here
. INTRODUCTION is also designed to study thin films, but it senses acoustic waves

IGH-FREQUENCY acoustics is greatly important foin the frequency domain. It is highly sensitive because it is
H analyzing fine structures and performing nondestructiyaterferometric, and unlike picosecond ultrasonics, it does not
evaluation (NDE) of materials opaque to electromagnettdve any mechanical moving parts. Instead it is completely
radiation. An appropriate acoustic sensor should exhibit batlectrically controlled, does not require vibration isolation since
the sensitivity and the frequency range required to provide fiffelS based on planar optical geometry, is compact and easily
spatial resolution. The highest sensitivity is generally achievégployable [23]. Additionally, polymer-based sensors have
using optical interferometric systems [1]-[6]. When a passiJ@€ Potential to be integrated with drive electronics [24]. The
interferometer is used for detecting vibration, the output igtegrated optical device shown in Fig. 1 utilizes an electrooptic
modulated at the vibration frequency. At high frequencid&0O) polymer as the active component of a heterodyning
(GHz range), detectors and electronics are noisy and hd{ighelson interferometer [25]-[27]. .
low gain. For example, to analyze submicron structures usingt;rhe use of polymer-based integrated optics has been well es-
acoustic wavelength of 0.2m in a solid with sound velocity t& lished for making high speed modulators for communication
of 5 km/s, one needs to analyze 50 GHz vibrations. Thitevices. However, their use for sensing applications remains rel-
frequency is out of the detection range of piezo transducefdively unexplored. To extend the frontiers of acoustic sensing,
and direct detection of the output of an interferometer requirdd same technology used in modulators operating over 100

photodetectors and electronics operating at frequencies gretbiz [28] and at sub-1-V drive voltages [29] is utilized here for
acoustic spectrum analysis.

Index Terms—Acoustic sensing, EO polymers, heterodyne detec-
tion, interferometric sensing.
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Fig. 1. Simplified schematic of a polymer-integrated optical acoustic spectrum analyzer. EO: electrooptic polymer phase modulator; |/@unhpptios
(GRIN lens or fiber coupled); BPF: bandpass filter. PD; photo-detector.

the EO polymer because the interferometer is biased at its make most important is the difference(— w«,,) term in the
imum quadratic point. The vibration signal is downconverted bove equation, denoting frequency downconversion. Higher
lower frequencies and is detected by a low frequency photodeéder terms are filtered by a low-pass or bandpass filter.

tector. Immediately after the detector, a low-pass (homodyne)one of the advantages of using EO polymers is its ability
or a bandpass (heterodyne) filter is utilized for filtering out thgy operate from as low as DC to over 100 GHz frequencies.
unwanted frequencies. When the beat frequency falls within tiig utilize this wide bandwidth characteristic of the polymers,
filter's bandWldth, a hlgh Signal is Obtained, and when the beﬁfe acoustic Spectrum is obtained by Scanning the EO modula-
frequency is out of the filter’s range, a low signal is obtainegion frequency and recording the signal that passes through the
Thus, varying the EO modulation frequency yields a scan thg{y-pass/bandpass filter. Alternatively, one would use a fixed
corresponds to the acoustic spectrum of the vibrating surfacg&o modulation frequency, and instead use an electronic spec-
The light intensity at the photodetector can be modeled astrum analyzer to observe the beat signal. However, this would
I(t) =r(1 — )L, Iirr]nit the megsgtr)emgntfcapability, _sinaepriori knowledg];ce”of
{24 2 o8l cos(wst) — dm cos(wmt) + b} (1) :hg E)g)(:]:(t)% ulvalti (r)?]uf?gqlr;?]lghcy is necessary to carefully tune

where To illustrate what one would expect from scanning the EO
T coupling coefficient (0.5 for 50 : 50 coupler); modulation frequency, simulations are carried out using (4), as
Ps = 2n/N)A; shown in Fig. 2. Here, (a) a numerical low-pass and (b) a band-
A wavelength of light; pass filtering scheme are implemented using FFT routine. In
A, vibration amplitude; these simulations, the sample is assumed to vibrate at a specific
¢m = (2n/N)AngolL, frequencyf,, and the modulation frequency,{) is scanned.
L modulator length; For simplicity, the plot is shown at normalized frequency axis.
An goindex variation due to electrooptic modulation; Here, 50:50 coupling was assumed=£ 0.5), and the vibra-
¢4  phase difference between the two arms of the interfafen and modulation amplitudes wefg = ¢,, = 0.1. The
ometer. width of the observed signal was determined by the filter's upper
The angular frequencies of vibration and EO modulation (dérequency, which in this case was 0.2 at normalized frequency
noted by subscripts andm, respectively) are given by units. Relatively wide-band filters are used here to illustrate in

wa = 2] ) detail what the observed signal would look like. In most of our
ST s e experiments, much narrower bandwidth filters were used, re-
Setting the interferometer to zero bias (i¢4,= 0), and for sulting in narrower peaks in the acoustic spectra.
small amplitude vibrations (1) becomes Although the signal using low-pass filter is generally higher
I(t) =r(1 — )L, {4 — [¢2 cos?(wst) + ¢2, cos*(wm?) than using_a bandpass filter with the same upper frequency limit,
9 . . 3 heterodyning has a number of advantages. Near DC, detectors
= 2¢s¢m cos (wst) costwm®)]} ) gynibit noise that has /1f response [30], [31]. Thus, hetero-

or dyning removes the low frequency noise. Furthermore, hetero-
2 2 2 dyning greatly reduces the noise due to the slow drift of the inter-

It)y=r(1-nr)I, {4 - ?* - % - ?* ferometer. One drawback of heterodyning is that it produces two

) peaks in the acoustic spectrum instead of one, located around
- co8(2w,t) — T coS(2wmt) the vibration frequency. This can limit the spectral resolution of

2 the measurements. Therefore, filter selection is determined by

+ @spm cos[(ws — wm)t] + Gsdim the experimental conditions such as noise, acoustic amplitude,

optical power received at the photo-detector, and by spectral res-
olution requirements.

-cos[(ws + wm)t]} - (4)
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1.000 crosslinked during poling. Thes = 40 pm/V at 1.06:m, with
layer thickness of 1.5—-2m sandwiched between an upper and
lower cladding. The lower cladding is #m thermally curing

0.998 |- epoxy (epoxilyte), and the upper cladding ig:# UV curable
v Wy optical epoxy (norland 73). The waveguides agen7 wide and

0997 separated by 12m (center-to-center) in the directional coupler
region, which is 7 mm long. They are patterned using UV lithog-
raphy and reactive ion etched (RIE) to 0,4 ridge height. The
final device length is 4 cm long.

The EO modulator electrodes were vacuum deposited (100
nm Au) and thickened to @m by electroplating. Bulk electrode
design was incorporated, with the cutoff frequency around 3-4
GHz.

The input/output of the device is provided by fiber pigtails or
gradient index lenses, with the exception of the reference arm,
2x107 |- where the endface of the waveguide is Au coated to provide back

' L L L ! L reflection. The optical source was a }.81 diode laser.
b o8 0 12 T4 e The total insertion loss was 44 dB, mainly due to a propaga-
e tion loss of 2—-3 dB/cm, which resulted to 16—24 dB roundtrip
i , . . . i Ioass for a 4-cm-long device and 3—6 dB loss per connection. The
g. 2. Slmulatlon of the acoustic spectrum analyzer using (a) low-pass aS_ ; . . . ; )
(b) bandpass filter configurations. A 50:50 coupler and = ¢,, = 0.1 3 dB/cm propagation loss is attributed mainly to material ab
was assumed. Inset refers to complete spectral scan (to DC) used for amplisdeption due to C—H overtones and to scattering. Although this
galitzjra_tijcm. The peak near DC occurs wi¥fy, falls within the bandpass filter number is relatively high, a new generation of materials such
anawicin- as CLD-1/PMMA [29] have waveguide losses on the order of 1

dB/cm, which are being utilize for new generation of devices.

The important parameters in acoustic spectrum analysis @ighermore, alternative waveguide geometries are being inves-
the frequency of vibration, the amplitude, and the relative phaL%

0.999 | (a)

0.696

0.995 ! ! ] | i {

A ated to drastically reduce the length and insertion loss of the

The \_/lbratlon frequency can be e>_<tracted from the spectrum vice, such as utilizing diced grooves as beam splitters instead
locating the center of the beat signal [e.g., the center IObedPusing directional couplers [34]
Fig. 2(a)]. The beat signal is symmetrical aroufigd = f. in '
the observed spectrum. At low amplitudes vibrations (much legs
than the optical wavelength, in this case &r8), the signal ob- - ) ]
tained from the scan is linearly proportional to the mirror vibra-_Initial experiments were conducted using a low frequency
tion. piezo element with a thin reflective mirror pasted on it. The

When a spectral scan is carried out to DC, a peak is obsen@zo element was set to vibrate at a certain frequency in the
at the lower frequency end of the spectrum [see inset kfizrange. The EO modulator was driven using a low frequency
Fig. 2(b)]. This peak results from thes(2w,,t) term in (4), Vvoltage-controlled oscillator. The frequency was scanned using
when 2u,,, falls within the bandpass filter bandwidth, and it ca ramp voltage, and the signal from the photodetector was
be used to obtain the vibration amplitude. Whgn = 2¢,, low-pass or bandpass filtered, amplified, and converted to
the observed spectrum will contain two peaks of the sardéital signal using a 12-bit analog to digital (A/D) converter
height, one at the vibration frequency, and the second near Perating at 1 kHz. The result of a single scan is shown in
Therefore, knowledge of EO modulation amplituglg, which  Fig. 3 using both (a) low-pass and (b) bandpass filters. Each
is known from device parameters, yields the vibration ampkpectral scan time was 0.2 to 0.3 s, with 200-300 samples per
tude. The relative phase difference between multiple vibratiogsan. Soft edged analog low-pass (DC to 100 Hz) and bandpass
can also be obtained from the shape of the recorded spectrysn to 100 Hz) filters were used, which determined the spectral
The shape of the beat signal is dependent on the vibratigiolution of the scan. When a sharp-edged filter is used, the
phase, and observing shape differences between two vibratjg8o|ution of the acoustic spectrum is approximately equal to
peaks yield information on their rel_ative phase c_iiffer_ence. FBK/ice the upper frequency of the filter (care must be taken to
example, the central lobe of the signal shown in Fig. 2(b) {f&e high enough A/D conversion rate to avoid undersampling).
pointing downward. Delaying the vibration phase bywill 1he analog filter used in these experiments resulted to spectral
result the central lobe to PO'”t upwe}rd. IT one ple}ermmeg bOthsqution of approximately 400 Hz. Results indicate the inter-
the phase _and the a_tmphtudg of.V|brat|ons, It is _possmle fgrometer was operating as expected, as seen in the similarity
ob;a|trr1] thebtlmde ?Om".’“n \;lr?ratmtr)\ S|g]1cnatur(te bthou”?rtr?nalys'ﬁitween the simulated and experimental data shown in Figs. 2
anc thereby determine the subsuriace structure ot tne samya 3, respectively. To increase the SNR of detection, multiple
under test [3], [32]. consecutive scans were conducted and plotted on one graph

To demonstrate the sensor as an acoustic spectrum analyzer
capable of detecting multiple vibrations, two frequencies at 2.7

The active material used in the device was a thermosettikgz (180 nm amplitude) and 4.0 kHz (330 nm amplitude) are
chromophore/polymer system, FTC [33], which was thermallpplied to the piezo element. The results of ten consecutive

Low Frequency Proof-of-Concept Experiments

I1l. EXPERIMENTAL RESULTS
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Fig. 4. (a) Signal after analog bandpass filtering, and (b) further digital
bandpass filtered revealing both vibrations at 2.7 and 4 kHz (bandpass filter:
Fig. 3. Experimental signal output of the sensor indicating detection gb—100 Hz).

vibration at 4 kHz using (a) low-pass filtering scheme (DC to 100 Hz) and (b)
at 3.25 kHz using a bandpass filter (30 to 100 Hz). Vibration amplitude is 185
nm. Top axis refers to scan time.

scans using an analog bandpass filter set between 50 and

3 -
Hz are shown in Fig. 4(a). Each scan duration was 0.34 s, wi
423 sampling points resulting in a total of 3.4 s to complete te
spectral scans (4230 total samples). The purpose of conduct 2

a fast scan was to avoid interferometer drift, because the sen
was not actively balanced.
The noise observed in the acoustic spectrum can be remoy
by postprocessing the data. In the experimental system, j\
analog bandpass filter is used after the photodetector. T
filter can be tuned anywhere from DC to 100 kHz. However, | ss 30 a5 40 4'5 co  ss
does not have sharp boundaries, making it difficult to filter oL ' ' Tt (KHz) ' '
certain unwanted frequencies, such as the 60 Hz electric line
noise. To overcome this problem, the data is further processegl 5. Postprocessed data.
by utilizing digital filters (executed on a microcomputer).
One concern in an interferometric sensor is noise generated . i .
by mechanical vibrations and thermal fluctuations. Because tﬁgermg_resylted _to 2-3 dB increase in the SNR. The spe_ctra
shown in Fig. 4 is the result of multiple scans. By summing

presented device has a planar geometry and both arms of the 11 oo . :
e all the scans, smoothing it with a moving average window, and
terferometer are at close proximity (306 apart) to each other,

temperature fluctuations and mechanical vibrations induce ataiesholdmg, a clear spectrum is obtained as shown in Fig. 5.

proximately equal amount of phase changes to both arms of t e resolut?on of the acoustic spectrum in these experiments

interferometer and thus, the net effect is canceled. Signal fluctis approximately 200 Hz.

ations due to room temperature variations were negligible com- i , .

pared to mechanical vibrations, which were picked up by i Detection of a Pulsed-Laser Excited High Frequency

input/output fiber. When a gradient index (GRIN) lens was usedprations

for 1/0 coupling, noise level was much lower than using a fiber To demonstrate the device at high frequencies and wide band-

I/O system. In our experiments, noise due to room vibratiomgdth, a 76 MHz mode-locked an@-switched Nd-YAG laser

were less than 50 Hz, which could be filter out by setting ths used to generate high frequency vibrations in an Si sample.

low frequency limit of the bandpass filter higher than 50 Hz. The laser wavelength was 1.Q#n with a pulse width of 100
The data shown in Fig. 4(a) were digitally filtered using @s, andQ-switched at the rate of 1 kHz. The sample under test

rectangular filter with sharp upper and lower limits of 50 andias a 2x 2.5 cm, 410um thick [100] cut Si coated with 14.5

100 Hz. The resulting spectrum is shown in Fig. 4(b). Digitaim Cr. The experimental setup is shown in Fig. 6.

Signal (A.U.)

iy
|
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Fig. 7. Detection of pulsed laser-induced vibrations using the NLO
polymer-based acoustic sensor.

(14.5 nm) which can give rise to sum and difference frequency genera-
(100] cut Si | tion [35], and the peaks observed at 45 and 100 could be due
(410 um) | to this effect, namely, the beating of the 76 MHz and 30 MHz

vibrations. The exact cause of these vibrations, however, cannot
be determined with our experimental data, and more tests are
needed, such as varying the intensity of the pump beam and ob-
Fig. 6. Setup used for detecting pulse Nd-YAG laser excited vibrations. ~ Serving the change in the spectrum.

The amplitudes of the peaks in Fig. 7 do not necessarily cor-

The light from the Nd-YAG laser (pump) was focused on th{eespond to the exact acoustic amplitude, because the data are

sample with a spot size on the order of &0, The 1.3;m composed of different frequency scans, and during each scan the

sensing arm of the interferometer (probe) was collimated \)l%terf.e rometer was susceptible to phase drift, which alters the
a GRIN lens attached to the end of a fiber, which was pigtail mplitude of the detected resonances. Furthermore, the number

to the device. The collimated beam had a a@@diameter. The of scans was not enough to result to a true average signal. The
angle between the pump and the probe beamsve&s. Both purpose of this experiment was to demonstrate the operation of

beams overlapped on the surface of the Si sample. The pulfy T N RERL IO L e 0TS T S
intensity was controlled by a variable attenuator. P P ) P

The result of the heterodyne tests using seven consecutive ﬁ%%wn :l” Flt?v 7| V\k/)af cr:lalltzjr?rt:drfforr ?nmfhrtu?ﬁ (rr:ar:ela/v, b)l/dut;
guency scans is shown in Fig. 7. A low frequency photodetector g an actively balance erferometer), then one would e

with a cutoff frequency at 300 kHz was used for detection. ect the highest peak at 76 MHz, another high peak at 10 MHz,

programmable RF source was used, with an output powerad‘t? the remaining peaks having much smaller amplitudes.

10 dBm (into a 500 line) to drive the EO modulator on the 0 overcome the phase drift problem, future tests can include

device. The frequency was scanned from 1 MHz to 200 MH%” active interferometer balancing system, where a feedback DC

Frequency resolution of the spectrum was 600 kHz, determin igs is used to set the interferometer at its maximum quadratic
by the cutoff frequency of the photodetector. Each frequen&(/) int.
scan took 30 s to complete. Such a slow scan was due to the
limiting speed of the computer program used for controlling

the experiment and data acquisition. The interferometer was nofThe minimum detectable vibration amplitude was on the
actively balanced, thus, it went in and out of phase. Mixingrder of A, = 1 nm. Several factors limited the sensitivity of
occurs when the interferometer has quadratic response. Thena- sensor. These are 1) low optical power (submicrowatts),
fore, any deviation from zero phase difference will cause thehere noise in the detection electronics dominate; 2) reduced
signal (i.e., the beat between vibration and EO modulation) tontrast ratio because of the additional losses suffered due to
decrease in amplitude. Therefore, it was necessary to condagut/output optics in the sample side and excitation of slab
multiple frequency scans to ensure detection of all the vibraxodes in the waveguide; and 3) signal drift due to unbalanced
tion peaks. The 76 MHz peak is due to the mode-locked puls@gerferometer.

Other peaks were also observed at 31, 45, 100 MHz and highefThe acoustic spectrum analysis experiments were carried out
To understand the source of resonances, let us look at the sanpleequencies up to 200 MHz at spectral resolution of 600 kHz.
structure. One possible explanation is standing waves causedrby low frequency experiments (kHz range), the spectral reso-
acoustic reflection from the front and back surfaces of the Bition was 200 Hz. The sensor was designed to work up to 3—4
wafer. The sound velocity in Si is 8.2 km/s [13]. Therefore, th&Hz. This limitation is due to the bulk design of the modulator
fundamental resonance is 10 MHz, and the third harmonic is 8[&ctrodes. Itis possible to design electrodes to achieve frequen-
MHz. The material can also exhibit nonlinear elastic behaviaries as high as 100 GHz using traveling wave electrodes [28]. A

IV. RANGES AND LIMITATIONS
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TABLE |
MEASUREMENT RANGES (UNKNOWN VALUES MARKED BY DASH)

(7]

(8]
Parameter Current Capability Ultimate Measurability
(Measured up to)
1. Acoustic Amplitude 1 nm - 9]
2. Frequency 0-3 GHz 0 - 100 GHz 10
(0- 0.2 GHz) [10]
3. Depth Resolution 1.7 um 50 nm
(For v = 5 km/s) [11]
4. Longitudinal Resolution 300 ym - 3 mm 1.3 pm-1lcm
Range (Planar) [12]
[13]

solid with sound velocity of 5 km/s and modulation speeds up
to 100 GHz correspond to a depth resolution (assuming we Caiy)
only resolve one acoustic wavelength) of 50 nm. The transverse
resolution is controlled by the probe beam spot size, which can
be as small as one wavelength (1:8) and as large as 1 cm.

The limitations of the technique are summarized in Table I,
where the current results and ultimate measurability are prdl6]
sented.

[17]

V. CONCLUSION
[18]

In this paper, we presented a nonlinear EO polymer-based
acoustic spectrum analyzer. Because of the deteriorated r Y
sponse of photodetectors at high frequencies, a heterodyning
interferometer is needed to detect vibrations in the GHz fre-
quencies. The sensor presented here is capable of determiniﬁﬁl
the frequency, amplitude, and relative phase of the vibration.

A number of low frequency experiments were conducted td21]
prove the proposed concept. It was possible to detect multiple
frequencies and show that the device works as a linear system.
It was shown that digital filtering and post processing the sensde2]
data result in a cleaner signal, hence increased detection sensi-
tivity. The device was capable of detecting vibration amplitudes
as small as 1 nm. [23]

Finally, the sensor was used to detect pulsed laser excited vi-
brations at frequencies up to 200 MHz. Because of the bulk elec-
trode geometry, the detection frequency is limited to approxif24]
mately 3—4 GHz. By making use of traveling wave electrodes,
it is possible to achieve modulation frequencies over 100 GHz.
Thus, EO polymer-based sensors have the potential to opergtg;
at these frequencies.

[26]
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