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CARRIER LIFETIME INFLUENCE ON CLAMPED SILICON WAFER RESONANCE BY PTA
EFFECT

Chapus C., Augereau F., Podlecki J., Lévéque Gicdran A., Attal J.
Laboratory IES (UMR CNRS 5214), University of Metitpr 2, Place Eugéne Bataillon, F-34095
Montpellier, France
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ABSTRACT

This experimental work presents reproducible meamsant conditions to allow amplification of the
mechanical vibration generated by photo-thermo-siical (PTA) effect using the resonance of circular
Silicon membranes clamped by nitrile o-rings oniaeter of 30mm ([). We use wafers with various
thickness (h) between 250 and 1000pm and withesdifetime between 3 and 30us. Under the condition
to have a resolution of few picometers for the raeament, it is possible to characterize the resoman
mechanism obtained without contact by conventidasér vibrometry using a modulated laser diode of
only a few milliwatts of power. Compared to perfetamped membranes, the first Eigen frequency
presents a downward shift of some hundreds Herztduhe circular clamping by o-ring as predictgd b
our simplified model. The resonance frequency ddpdimearly on the thickness as long ath£80. The
quality factor (Q) does not exceed ten in agreemitour model for spring loaded membrane in dihe
low value of quality factor and its variation acdimg to thickness follow our predictions. Moreovér,is
independent of carrier lifetime whereas first resme amplitude increases with it but less thanigtied
for bulks.

1. INTRODUCTION

Efficiency of photo-thermal effect to generate @t waves has been studied from a long time
for bulk metallic materials, a chopped light leagito a mechanical vibration from thermo-elasticeeff
The efficiency of the photo-acoustic effect is fdun increase with the optical absorption coeffitiend to
decrease with the chopping frequency [1]. The plagtustic signal is affected by the total energy
absorbed when hus, withthe h sample thickness apgthe thermal diffusion length. Moreover, it has bee
demonstrated for aluminium samples that the acougtain amplitude is linearly proportional to the
absorbed optical flux and also depends on thespe{2].

For semiconductors, a periodic mechanical strain be induced through fluctuations of the
photo-generated free-carrier density [3]. In thisciranism, the excess carrier lifetiméasn’t to be taken
into account ifwt»1 with w the optic angular frequency. Carrier thermalizatamd bulk recombination
process generate electronic strain with specifigqdency dependences and thermal diffusion procss h
also to be taken into account to study photo-atoefficiency [4,5]. From all these mechanisms riear
transport characteristics of semiconductors haes Iséudied using gas-microphone photo-acoustidgell
7], beam deflection [4] or piezoelectric detect{8h Imaging of doping regions in silicon has besso
obtained by scanning electron acoustic microscOpy0]. Nevertheless, the amplitude of the acowsstain
is generally reported in these studies in arbitnamits. So, it is difficult to figure out how smatl the
strength of this photo-acoustic phenomenon.

A possible means to amplify the photo-acoustiodigs to create a resonant structure. Silicon has
been already used to build electrically driven tiimphragms with very high Q factor as high as 2viien
operating in a vacuum system [11]. With these rig@mping configuration and specific design, the Q-
factor of etched resonant structure as MEMS mayeexcnowadays 1.10n vacuum [12,13]. For
macroscopic membranes, silicon wafers could be bsédigid clamping is somewhat difficult to reaiz
due to the relative brittleness of thin crystallipiates. For this reason, we have investigated the
effectiveness of polymer o-ring to clamp circulaafers to build resonators photo-excited by a |dsaie
and characterised in transmission configuratiom witcommercial laser Doppler velocimeter. Workibg a
atmospheric pressure, mounting loss will be predepending on the membrane size and this could be a
effect preponderant compared to air damping as atedpfor micro-beam resonators [14]. Indeed, a0 p



Silicon membrane clamped with diameters of sevenilimetres has given quality factor of the orddr o
tens [15]. The vibration amplitude has not beenguesd but the authors have theoretically estiméted
around 20pm. The photo-acoustic efficiency of olamped system could be improved by the correct
choice of the membrane size and doping. For Silitloa best efficiency of the PTA effect is obtairfed
wavelength around 800nm [7].

To evaluate membrane size effect, we will testensfwith a radius of 14.05mm and different
thickness from 250 to 1000um. In the same wayirtipact of clamping conditions and the effect ofriear
lifetime will be investigated.

2. THEORY

To optimize the photo-acoustic efficiency of ouiceih membranes, we have first calculated the
dependence of photo induced acoustic vibrationhatdample rear face [16,4,17] using the following
parameters.

Mass Young's | Poisson| Energy Optic : Surface_ . Thermal Thermal
density modulus| ratio gap absorption recomblnatlon diffusion length| diffusivity
(A=785nm)| velocity

2330kg.n? | 130GPa| 0.28 1.12eV/1121cnt | 450cm.§ 14 cnt.s’ 0.8cm.§

. Linear thermal Longitudinal sound | Photostriction | Thermal Laser

Light flux . : o -

expansion velocity coefficient conductivity wavelength

7W.cm® 2.6.10C* 8445m.8 -9.5.10°).Pd | 1.3W.cmi":K™* | 785nm

Table 1 : computation parameters used for Silicon
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Figure 1: Theoretical displacement in 1D model adaog to carrier lifetime for a bulk Silicon samp
10 kHz

This simulation (figure 1), for a 287um thick samgbk obtained from D. Marty-Dessus theory [16]
and shows a photo-acoustic displacement increases/earrier lifetime between 3 and 30us with a&ofac
of 8 and then saturation occurs.

Another aim of this preliminary theoretical studasto investigate the effect of air damping and
mounting loss on resonance characteristics. Feiptinipose, we have simulated the frequency respdrese
circular membrane in air (cf. table 1 for compuatparameters) optically excited by a homogeneighs |
flux and clamped with circular o-rings considersdsaft springs (cf. Appendix A).

3. EXPERIMENTAL CONFIGURATION

The experimental setup consists of an sinusoideitaion laser, a sample holder and a laser
vibrometer coupled to a lock-in amplifier (figurg Zhe whole system is fixed on an optical benchrgie
plate assembled on shock absorber) in order td bmtiernal vibrations interferences. This experitabn
system is associated with a x-y-z stage in ordadjost the system alignment.
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Figure 2: experimental setup for photo-acousticaigdetection in transmission configuration

The excitation laser used in this protocol (LQA Z8EC of NEWPORT) is analogically modulated
and collimated. The principal characteristics é8&nim-+/-15nm wavelength and a maximum optical power
of 45mW. The modulation of the laser beam is cdroat by a sinusoidal signal delivered by a funrctio
generator (Agilent 33250A). This laser is assodiatgth a focusing optical system (convergent lens
THORLABS with 6.16mm focal distance and 0.30 nueeraperture) in order to maximize luminous flux.

Samples are circular wafers of Silicon clamped Wy hitrile o-rings with an average radius of
14.05 mm tightened using two springs with a clamgiorce of 40N. This setup allows obtaining a good
tightening reproducibility for each sample. The ptea are wafers of two inches having thicknesses
ranging between 250 and 1000um and various dopype (N and P, carrier lifetime between 3 and 30us).
The carrier lifetime was controlled for each samplth a photoconductance carrier lifetime tester WC
120 of SINTON consulting.

For the acquisition of mechanical characteristicglarations, a viborometer based on interferometry
heterodyne and on the Doppler effect is used feretkperimental setup. It is composed of a fibemptzl
vibrometer sensor head OFV 534 of Polytec coupted tvibrometer controller OFV 5000 allowing
measuring the speed and normal displacement imgeraf frequencies active up to 30MHz with an
ultimate resolution of 0.02um/s and 0.1pm respebtivfor velocity and displacement. To obtain a
maximum signal on the detector, the sample is plaak distance of approximately 20cm from the
vibrometer.

Because the induced displacements by photo-thenmastic effect can be very small (<100pm cf.
figure 2), it is necessary to extract the usefghal from the noise background. For this reasonusea
lock-in amplifier (STANDFORD RESEARCH SR830 DSP).

4. RESULTS AND DISCUSSIONS

The main goal of this study was to find the expental conditions increasing the resonance of our
semi-conductor clamped wafers. In order to deteentive importance of the mechanical effects and semi
conductor properties on the resonance phenomer@nyillvstudy the characteristics of the first maafe
resonance (resonance frequency, amplitude andrfaftauality) according to the thickness of the
membrane and to the carrier lifetime.

4.1- Verification of resonance conditions

With our experimental set up, we managed to haxesanance phenomenon which amplifies the
Photo-Thermo-Acoustic (PTA) vibration. Neverthele$e resonance displacement reaches only few tens
of picometer and depends on the excitation oppoaer as shown in figure 3, representing the aombdit
of the first mode of resonance according to thedemal power for a Silicon wafer with 290um thielss.
Previous works on PTA effect [16] show that theutisg vibration in bulk materials is proportional the
excitation optical power. The same linear dependénobserved here.
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Figure 3: Amplitude of the first mode of resonaaceording to the incident power
For the resonance frequency, the theory of the mdahcircular membranes [18] gives us the
following frequencies:

h [ E h [ E
fo, =1021 and f,, =3977 1.2
o 2R\ 121-v2)p . 2R? | 121-v2)p (.2

where h, A, R E,v, p are respectively the thickness, a constant deperatathe vibrating mode, the
radius, the Young’'s modulus, the Poisson's rattbtha mass density of the wafer.

4780 Hz
60 -
3
e
= 40 4
(4]
IS
3
%_ 20 -
] 19240 Hz
a ___/\
0 : : —— :
3000 8000 13000 18000 23000
Frequency (Hz)

Figure 4: Example of experimental frequency respdnos a clamped wafer
In order to visualize only the modes of frequenky and f,,, the excitation and detection laser

will target the membrane centre. In figure 4, reprging a typical frequency response of one of our
clamped silicon wafers of 290um thickness, we oleséne two first modes without any parasitic modes.

Moreover, the measured ratify, / f,, is 4.02 while it should be of 3.89 in theory, icaling an error of

3%. This small difference could be due to the ufga¢ed clamping of the wafer.
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Figure 5: First mode of resonance deformation fog tlamped circular wafer
Figure 5 shows the membrane profile deformationgl diameter for the first mode of resonance.
The deformation shape is in agreement with therthga].



4.2- Influenceof carrier lifetime
In order to evaluate the inﬂuencerqfa set of 45 Silicon wafers of different thicknessl carrier

lifetime was characterized by their resonance ptegs For each sample we measured the frequeney, t
quality factor and the amplitude of the first madeesonance.
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Figure 6: Experimental and theoretical frequencythd# first resonance mode according to the thickras
wafer for a) thin wafers and b) all the wafers

The measured resonance frequencies are lowerhihatetical ones (figure 6a). This difference of
500Hz might be due to the non rigid clamping asasbg our simulation results (figure A.1). However,
these points show the same linear dependence. Matdbe scattering of measurements can be exglaine
by the uncertainties values taken and not by thd@cemductor characteristics (doping and carrietilifie).
Indeed, for a 2% error on thickness (~5um), 2% adius (14.0% 0.3mm), 5% on Young’'s modulus
(130% 1GPa) and 1% on Poisson's ratio (2801), the cumulative error is 300Hz.

As expected (cf. figure 6b), the more the thickneseeases, the more the experiment deviates from
the theory. This is because the membrane clampadngion is no longer valid. Indeed, for these t®in

the D, /h ratio is lower than 80 which is the limit for mbrane hypothesis [15].
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Figure 7: Quality factor of the first mode accordito thickness

On figures 7 and 8pnly for thickness <300um, experimental points witv and high carrier
lifetime are represented with different markersshows the influence of thickness and carrietitife on
the quality factor. The maximum value is around test is similar to our simulation for a spring diea



membrane in air. The dependence in thickness egierement with the model (figure A.2) but we can
observe that for the samples with low thicknesD€25300um) the Q factor is independent of carrier
lifetime. This phenomenon is may be due to the @meédant influence of the clamping which actually
reduces the Q factor (figure A.1). So, with our exment set up, doping influence on Q-factor isn’t
observable.
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Figure 8: Amplitude of the first mode of resonaaceording to thickness

Figure 8 shows the decrease of the resonance adglkiccording to the increase thickness of the
wafer. Moreover, for low thickness we can see thatcarrier lifetime influences the value of ampdi¢
unlike Q-factor. For example, for a thickness 00261 and identical clamping conditions, the Q-faasor
around 10 for low and high carrier lifetime valughile the first resonance amplitude is 80pm for 4us
carrier lifetime and is 130pm for 25us carrier tiifee. So, for this lifetime range the first resooan
amplitude is increased by a factor of two compdoea factor of eight obtained from simulation oticBin
bulk materials (figure 1).

We noticed during our tests that the type of dogiiagnot change the results.

V.CONCLUSION

The experimental setup proposed in this study @&tbws to detect the vibration amplification of a
circular Silicon membrane clamped by toroidal aggsnand excited by a modulated laser diode of low
power (<45mW), using optical detection by convemdiicDoppler laser vibrometry.

The resonance frequency is lower than theoretical calculated for a perfect clamped membrane
but follows the same thickness dependence. Thisctetias been explained by spring loading and air
damping in agreement with our simplified model.sThiso explains the low value of quality factoo(ard
ten instead 10for Silicon in vacuum) and the dependence of Qefaaccording to the thickness of the
membrane.

Regarding the influence of the carrier lifetimethe range of 3 to 30us, our experiments show that
Q-factor isn’'t modified whereas the amplitude & fhist resonance mode increases with the caifétinhe
but with smaller variations compared to bulk matisri

Appendix A

In our simplified model, we consider a circular niweme in air optically excited by a
homogeneous light flux and clamped with circulaiirays considered as soft springs. These assumptions
more or less close to experimental reality, allaalgatively visualizing the main effects.

The equation of dynamics [19] is then written as:

(&2 -k )W(r) =R, (A1)
with B, the equivalent pressure applied by the laser i) the radial displacement component &nd
the wave number.
k4 = Phwz + jazair

D
including the effect of air vi&Z, taken as the gas impedance on a piston [20] atidothe sample mass
density andh the thickness of wafer and D the membrane flexugality.

(A.2)
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with E the Young's modulus and the Poisson’s ratio of the wafer.
The solution of equation (A.1) for the asymmetadial modes is:
P
W(r) = FJ,(kr) + Gl (kr) —% (A.4)
where J, is Bessel function of order one ahgl modified Bessel function of order one.
F etG are constants depending on the limit conditionthefwafer. Boundary conditions are:
W(R) =0 - Qr (R)Zm = kspringW(R)
for a rigid clamping: M -0 and for the o-ring: aﬂ -0 (A.5)
or |, _r or | s

with ksping=Ki+jK2 the complex spring stiffness andtQe shear stress on the membrane [19].
From this simplified model, the displacement anuolé at the centre of the membrane exhibits a
resonance response versus frequency (cf. figure Bdt this simulation R=14.05mm radius and h=377um
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Figure A.1: Theoretical effects of air damping anscous loss on the resonance response

The perfect clamping system in air gives a Q-faaround 100. For a clamping with nitrile o-ring,
Q- factor decreases to 15. We also observe thaeldmic clamping induces a large decrease of the
resonance frequency. The mounting loss seemsdovbey limiting factor for Q.

This model also allows seeing the evolution of @daaccording to the thickness (figure A.2) with
all other parameters unchanged. It shows a maxiraloe that could be explained by the combined effec
of air damping and mounting loss.

50 4
P
T
=
5 25 1 controlled by
S foundation losses
Q
£ \ controlled by
air losses
0

0 250 500 750
Thickness (pm)

Figure A.2: Theoretical of Q-factor according to migrane thickness
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