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Laser picosecond acoustics with oblique probe light incidence

0. Matsuda® and O. B. Wright
Department of Applied Physics, Faculty of Engineering, Hokkaido University, Sapporo 060-8628, Japan

(Presented on 27 June 2002

Laser picosecond acoustics involves the excitation and detection of picosecond acoustic strain
pulses in thin films with ultrashort light pulses. The use of oblique probe light incidence permits a
greater degree of freedom in choosing the optical probing conditions and thereby should allow the
extraction of more information about the profile of the propagating acoustic strain pulses. Here, we
present a theory for the modulation of light reflected at oblique incidence from a solid containing an
acoustic strain distribution. The theory can account for the real and imaginary parts of the
reflectance variation, and involves both the effect of the transient surface motion and of the
photoelastically modulated dielectric constants in the solid. We show, in particular, how the theory
can be applied to extract the contribution to the reflectance change arising from the surface motion
in an opaque isotropic solid, thereby allowing direct access to the shape of the acoustic strain pulse
propagating therein. €003 American Institute of Physic§DOI: 10.1063/1.1519679

I. INTRODUCTION In this article, we describe a theory for laser picosecond

acoustics with oblique probe light incidence. The general

The technique Qf laser picos_econd acousti_cs can b? US%Heory can, in principle, handle arbitrary transparent, semi-
to_evgluatlezthe optical, mechanical, and elastic properties qfansparent, or opaque thin multilayer films with optical and
thin films.>“ Ultrashort light pulses are used to generate pi-g|astic anisotropy, taking into account the inhomogeneous

cosecond acoustic phonon pulses in the sample. These phoy,qyiation of the optical constants therein. However, we

non pulses propagate in the sample and are detected by \sc,g here on the simple case of a single isotropic opaque

trashort probe light pulses through the modulation inyaterial giving predictions for the changes in reflectance

reflectance or transmittance caused by the photoelastic, ,sed by the photoelastic effect and by the surface displace-
effect or by surface and interface displacements in th

3 €ment. We also show how the theory can be applied to allow
sample®

) ) ) the experimental separation of these contributions to the re-
Interferometric detection techniques are often used t9octance changes.

detect both the real and imaginary parts of the reflectance
modulation; the probe light pulses are typically incident on
the sample surface at normal or near-normal incidéhbe- Il THEORY

cause rigorous theoretical methods of analysis for single or  ~gnsider the situation in which a sample occupies the
multilayer films are only available in this ca& For stan- 2>0 region and a vacuum occupies tze0 region. We

dard reflectance and transmittance detection techniques olzme that the matter imacroscopically invariant under
lique incidence probing is often used mainly because of th%ny translation in the—y plane. The permittivity tensor for
convenience in the experimental setups. However, the results, space is given by,(z). Pump light pulses absorbed by
have not been analyzed with a complete theory for probing &he sample generate acoustic pulses in it. In laser picosecond
oblique incidence. This is unfortunate because the use of 8o stics the diameter of the irradiated region is usually of
oblique probe incidence geometry with proper analysis iSpe order of 10um or greater, and is much larger than the
expected to increase the information that can be Obtai”eﬂ/pical depth of interest in the samptel um. Thus, the
about the sample owing to the extra degrees of freedom iyenerated acoustic strain pulse can be regarded as a superpo-
trodu_ced. by the \_/arlable angle of incidence and prope I|gh ition of plane waves propagating in tizedirection. The
polarization. Particular advantages of the use of oblique inz g stic strain distribution modulates for permittivity tensor
cidence compared to the use of normal incidence for thgpatigtemporally through the photoelastic effect and also cre-
probe begm are as follow¢) shear strain pulses can be 4teq 5 time-dependent surface displacement. These perturba-
Qetecteof;' (2) anisotropic materials can be probed effec-iyng of the permittivity tensor are describedsag(z,t), and
tively; and (3) S|gne_1ls arising from the photoelastic effect .ot in a change in thécompley optical reflectance that
and from surface displacements can be separated. The teRs, pe measured with delayed probe light pulses by inter-
poral variation of the surface displacement directly revealggrometric method2.0ur object here is to provide an ana-
the generated phonon pulse shafiis is especially impor- lytical calculation of the reflectance change for arbitrary
tant for the analysis of carrier diffusion and relaxation Pro-probe light incident angle and polarization.
cesses in metals and semiconductor$ for example. To this end, we solve the appropriate electromagnetic
wave equation with an inhomogeneous permittivity tensor
Electronic mail: omatsuda@eng.hokudai.ac.jp en(2) +&in(z,t). Because of the relatively low frequency o
3 t). B f the relatively low fi f
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transmitted
light
en(z) =¢
en(z) =1
z incident reflected
light light

FIG. 1. Incident light comes frore<0. All incident, reflected, and trans-
mitted light have commok,, .
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E(z,t)=E0(z)+fw k’G(z,2')en(z' ,t)E(Z')dZ'

~Eo(2)+ f:sz(z,z’)sih(z’,t)EO(z’)dz’. (5)

It should be straightforward to extend the above theory
to handle arbitrary anisotropic transparent and opaque mul-
tilayers. Here, however, we concentrate on the simple case of
a single isotropic opaque materigbith dielectric constant
€). The equilibrium dielectric constant, in the absence of
any perturbation for all space is given by

1 (z<0),
e (z>0)°

en(2)= (6)

The change in the permittivity tensef, due to the pres-
ence of a longitudinal strain distribution,, is governed by
the photoelastic effect:

P 0 0
the acoustic perturbatiot<1l THz) compared with the fre- 12
quency of the probe light, we can regard the problem as a &pdZt)=| O Pz 0 5, (z1), (7
quasistatic one. Under this assumption the electromagnetic 0 0 Pp;

wave equation for the electric fiell(x,t) exp(—iwt) is given
by

where P, and P; are photoelastic constants. The surface
displacementuy can also be regarded as a change in the

[V2—grad div+k2{en(2) + ein(z,1)}JE(X,1) =0, (1) permittivity tensore:
-1 1)<z<0),
wherex is the position vector anki= w/c is the wave num- £ (Up(t)<z<0)
ber in vacuum. Let us take theaxis parallel to the plane of gq(z,t)=1 1—& (0<z<ug(1)), (8)
incidence, as in Fig. 1. Because the spatial variation in the 0 elsewhere.

permittivity tensor takes place only along théirection, the
x component of the wave vectok,) is preserved over all

space. Therefore, the wave equation is simplified, for

E(x,t)=E(z,t)exp(k.X), to

[L(ke) +k¥en(2) +&in(z,1)}]E(z,1) =0, 2
where
7 0 " d
07 Gz
02
L(ky)= 0 ﬁ—ki 0
.
_IkXE 0 _k>2<

Equation (2) can be solved with the help of ax3
Green’s function matrix that satisfies

1 00
[L(ky)+k?en(2)]G(z,2)=—| 0 1 0| §z—2),
0 0 1
()
and the solutiorEy(z) of the homogeneous equation
[L(ky) +k?en(2)]Eq(2)=0. (4)

The resulting solution is expressed as

These two contributions give the overall perturbation

(€)

Equation(4) for the unperturbed solution has two inde-
pendent solutions corresponding(th s polarization

Sih(zat):8p6+ 9.

o k=K,
0 elk zy k’+k”e_lk z (Z<0),
Eo(z)=| 1|x o (10)
S (2>0),
and(2) p polarization
1 ¥
- 0 ik'z
" e
_kX
k//_gk/ o
Eod=| + ey | O & @0 @y
X
) kl/
2K ez (2>0),
k(K"+ k")
— Ky
where

k'=Vk2—K2, K'=ek?—KZ

The corresponding reflectances are given by
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k' —k” kK'— ek’ wheref(t) andg(t) are real functions. Since the real part of
s~k "PTrek (12) Eq. (15) [or Eqg. (16)] contains only the photoelastic contri-
bution, it can be expressed by
In order to solve the problem, a knowledge of the 5
; ; o ) ; r )
Green’s function matrix is necessary o0 andz '>0 in _ Re(—s) —REB{f(t)+ig(t)}]=B,f(t)—B,g(t), (18
Eqg. (5). The nonzero components of the Green’s function Is
matrix are given by whereB=B;+iB, is a complex constant that can be deter-
ik'K" o mined by comparing the known functiorfgt),g(t), and
Gy (2,2 )= €K7z K2 org(t)/rs. Once the constar is obtained, the photoelastic
k?(ek’ +k")

contribution to the imaginary part ofrs/rg can be calcu-

iK'k lated, and the displacement contribution to the relative re-
X

Gu(2,2)= ———=—¢lK'2' K2 flectance change is given by
K?(ek’+k") s
A 2k’uo(t)=lm(r—s) —{B,f(t)+Byg(t)}. (19)
Gyy(z,2')= ek -~k (13) )
k' +K” This procedure of measuring the response at oblique probe
ik light incidence fors and p polarizations in turn, therefore,
G,(2,2')= _zl—xﬂei(k”Z’—k’Z), allows the separation of the surface-displacement and photo-
“ k“(ek’+Kk") elastic contributions to the relative reflectance change in
ik2 opaque samples. This remains true for multilayer samples
G,(z,2')= me‘(k"z"k'z), provided that the uppermost layer thickness is larger than the
(ek’+k") optical penetration depth of the probe light.
For small strains and surface displacements(3ds trans-
formed into 1. SUMMARY
" We have given an analytical treatment of the reflectance
E(Z't)zEO(Z)-‘rf sz(z,z’)spe(z’,t)EO(z’)dz’ variation for light incident at an oblique angle on an opaque
0 isotropic sample whose permittivity tensor is inhomoge-
+K2Ug(1)G(z,+0)(1—&)Eqy(—0). (14) neously perturbed, and whose surface is displaced, by a

o propagating strain wave. It is shown that the surface-
The values fox==0 should be distinguished because thegisplacement and photoelastic contributions to the relative
functions have a discontinuity at the interface. The relativgeflectance changes can be separated if experimental results
reflectance changes fa and p optical polarizations are gre obtained using bothandp polarized probing light.
given by
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