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Three-dimensional analysis of modulated
photoreflectance in a silicon wafer
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The effects of probe and pumping beam size and modulation frequency on photoreflectance
were investigated for a silicon wafer by considering one- and three-dimensional generation
and propagation of thermal and plasma waves, PR:p and PRsp. The magnitude of PR
decreased as the inverse square of the effective beam radius and that of PRy, was 100 times
smaller than PRip at 0.1 um effective beam radius and decreased with the effective beam
radius. The phase shift of PR,p was nearly constant at 225°, whereas that of PRsp increased
with the effective beam radius from 0° to 225°. The magnitude and phase of PR;; become the
same as those of PR;p by satisfying the equivalence conditions, where the probe and
pumping beam radii are larger than the thermal and plasma wavelengths, when the effective
beam radius was larger than 112 um. PRi» decreased with modulation frequency as w2,
whereas the magnitude of PRsp was nearly constant and 100 times smaller than that of PR
at 1 kHz modulation frequency. The PRip phase varied from 180° to 225°, but that of the PRsp
increased from 0° to that of PR;p with increase of the modulation frequency. As the
modulation frequency increased, the magnitude and phase of PRsp approached to those of
PRip by approaching the equivalence conditions, owing to the decrease of the thermal and
plasma wavelengths. The good agreements in the modulation frequency dependence of the
magnitude and phase of PR;p with those measured, justified the three-dimensional analysis

of the photoreflectance.

1. Introduction
Optical properties can be altered by the absorption of
incident energy when a material is excited with an
intensity-modulated pumping beam. This results in
a change of the sample’s complex refractive index,
undergoing periodic variations at the modulation fre-
quency of the pumping beam, and the induced cha-
nges can be detected by measuring the modulated
reflectance of the probe beam from the sample surface.
In most materials, the modulated photoreflectance
signal arises purely from a temperature variation
[1,2], because the optical properties of most materials
are dependent on the sample temperature. The tem-
perature of the sample surface varies with the modula-
tion frequency of the pumping beam and the reflec-
tance of the probe beam experiences a corresponding
modulation, In a semiconductor, however, there are
often more significant contributions to the photore-
flectance signal arising from the free carriers generated
by the pumping beam. The photo-excited electron—
hole plasma effects, including the thermal effects, are
associated with free-carriers recombination [3], a free-
carrier Drude effect [4,5] on the optical refractive
index.

The probe and pumping beam radii and the modu-
lation frequency of the pumping beam are the impor-
tant parameters which determine the generation and
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propagation of thermal and plasma waves. The probe
and pumping beam radii, in the one-dimensional con-
sideration, are assumed to be much larger compared
to the wavelengths of thermal and plasma waves
which are determined from the modulation frequency.
The magnitude of the photoreflectance varies as o~ /2
with the modulation frequency, whereas the phase has
a constant value [6-8]. When the probe and pumping
beam radii are sufficiently larger than the wavelengths
of thermal and plasma waves, the experimentally
measured magnitude and phase of PR have the same
dependence as those of the one-dimensional calcu-
lation [7,8]. However, in most cases, the probe and
pumping beam radii are ~ 1 um, and the thermal and
plasma wavelengths are about 40-100 um at 1 MHz
modulation frequency for silicon, and the conditions
for the one-dimensional treatment are not satisfied.
Opsal et al. [9] reported that the photoreflectance on
a silicon sample increases with increasing modulation
frequency when the plasma wavelength is much larger
than the probe and pumping beam radii. As a result,
they suggested the necessity of three-dimensional
treatment for the photoreflectance by including the
probe and pumping beam radii.

In this work, we calculated the modulated photo-
reflectance in silicon by considering the effects of the
beam radii of the probe and pumping beam, having
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a Gaussian beam profile and modulation frequency.
The modulated photoreflectance in a silicon wafer was
measured with the same pumping and probe beam
radius of about 2um in the f{requency range
1-100 kHz. The measured magnitude and phase of the
photoreflectance were compared with those theoret-
ically calculated.

2. The change of photoreflectance

by the generation of plasma and

thermal waves
When the energy per photon, hv, of the incident
pumping beam exceeds the band gap energy, E,, elec-
trons will be excited from the valence band to an
energy, hv — E,, above the conduction band edge, and
holes will be made in the valence band. The ¢lectrons
above the conduction band and the holes in the
valence band are termed photo-excited free carriers.
Part of the photon energy of the incident pumping
beam generates the photo-excited carrier and the re-
maining energy is converted to thermal energy. Ther-
mal energy is also generated by the recombination of
the photo-excited carriers [6].

When the harmonically modulated pumping beam
of a TEMy, Gaussian profile with a radius pg is
incident on the surface, the intensity of the pumping
beam on the semiconductor, I(p,z,t), is given by

I{(p,z,1t)

I

I(p)e—aze—ﬁm

2
= Ip exp[ — E—ZJ e~ ¥e /0! 6
Po
where Ipg is the maximum intensity at the surface of
the specimen, p the radial distance from the beam
centre, z the depth from the surface, o the absorption
coefficient of the pumping beam on the semiconduc-

tor, and ® the modulation frequency (Fig. 1).

In previous work, it was assumed that the intensity
of the pumping beam within the illuminating region
was constant along the radial direction and the photo-
excited free carriers and the thermal energy were con-
sidered to diffuse into the depth direction from the
surface. In this case, the distributions of the photo-

Laser beam

Specimen

Figure 1 The coordinate system for the calculation of the photore-
flectance.
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excited free carriers and temperature vary with the
depth from the surface. However, if the intensity of
the pumping beam has a radial distribution, and the
photo-excited free carriers and the thermal energy
diffuse along the radial direction as well as the depth
direction, then the distribution of the photo-excited
free carriers and the temperature should be dependent
on the beam radius as well as the depth.

2.1. Change of photoreflectance by the
generation of a plasma wave

When the incident pumping beam is modulated with

a frequency o, the number density of photo-excited

carriers is given as

AN(p,z,t) = ANo(p,z)e™ ™ @

where AN(p, z,t) refers to the plasma wave [6]. The
diffusion equation of the plasma wave, ANy(p, z), is
given by

1 — jot
(VZ— = )ANo(p,z) -

al(p)e™
hvD

3)

where 1 is the recombination time, D the ambipolar
diffusion constant of the semiconductor, and hv the
energy per photon of the pumping beam.

The Green function of the plasma-wave diffusion
equation of Equation 3 is given by

1 —jort
<V2— ! )Gp(p,zlp:z')

tD
1 14 ’
=~ 350 = )3E—2) @

For simplicity of calculation, if the surface recombi-
nation is neglected, the boundary condition is

D aAZVO(paz)
0z |z=0

=0 (5)

Using the Green function of the plasma wave of
Equation 4 and boundary condition of Equation 5,
the plasma wave ANy(p,z) is given as

ANo(p,2) = j " on prdp j " 426, (p2lp2)
0 ¢}
o (pe
X<— hvD >
- j £dE To(Ep)[ Ay (E)e*
T Ay(E)e mOIE) (6a)
where oy(8) = [£2+ (1 —jou)/D)]"2 is the

plasma wave vector, J,(Ep) is the Oth order first-kind
Bessel function, and 4, 4,, and I(§) are defined as

ol
4O = BT T (6b)
E) = —Hhe) (60)
1) = — fow pdpJo(Ep)I(p)
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_ j Ipoexp<—‘i> JolEp) pdp (64)

where P = (nlpo p3) is the a.c. power of the pumping
beam. Thus, the plasma wave, ANy (p, z), generated by
the pumping beam, varies with the radial distance, p,
from the centre of the pumping beam and the depth, z,
from the surface. Using the following integration for-
mula

Po—*a0

© éng
lim J tdie 1 To(Ep)S(E)

- = | sws@e - S0 0
Py Po

0

when the pumping beam radius, p,, is infinite, the
plasma wave, ANy (p, z) of Equation 6a is rewritten as

) g Ipo P2 &%
ANo) = tim | adafo@p)( e )f@
— Io[410)e™ + 4,0)e™7](§)

where f(§) = [A4; (§)e™ + A,(§)e” 7], 4;(§), and
A, (&) were defined in Equation 6b and c. The plasma
wave, AN, of Equation 8 is only dependent on the
depth, z, and is independent of the radial distance, p,
which is identical to. the one-dimensional results
[6,9,10].

Assuming that the Drude effect, ie. the change of
refractive index due to the photo-excited carriers, is
valid, the photoreflectance due to an electron-hole
plasma wave, ANy{p,z), is given as [6,§]

ARp 21%¢?
R, nn? — m? ANo

= — GpAN, ©)

where R, is the reflectance of a probe beam without
the pumping beam, [ the wavelength of the probe
beam, e the electron charge, n the refractive index of
the sample for the probe beam, m, the effective mass of
the free carriers, ¢ the velocity of the light, and Cp
a constant.

2.2. Change of photoreflectance by the
generation of a thermal wave
When the incident pumping beam is harmonically
modulated with frequency ®, the temperature vari-
ation in the specimen due to the modulated incident
pumping beam of frequency o is given by
AT(p,z,t) = ATy(p,z)e ** (10)

where AT (p,z,t) is called the thermal wave [6]. Be-
cause the thermal energy diffuses spatially, the thermal

wave diffusion equation is given as

. JoCps a(hv — E)) [(p)e ™™
T = — .
(v + 2 )A o(p.2) =
E,ANo(p,2)

X (In

where py is the mass density, C the heat capacity, and
K the thermal conductivity of a semiconductor. The
first term in the right-hand side is the thermal energy
induced by part of the absorbed photon energy of the
incident pumping beam, which is the excess energy
after generating the photo-excited carrier. The second
term is the thermal energy induced by recombination
of the plasma wave. The Green function of the thermal
wave diffusion equation of Equation 11 1is given by

ipgC
<v2 + 1 “’> Gr(p,21p'.2)

1 , /
= —in—p5(P—p)5(Z*2) (12)

Ignoring the heat flow into the air, the boundary
condition of a thermal wave is

JATo(p,2)

> =0 (13)

z=0

Using the Green function of the thermal wave of
Equation 12 and the boundary condition of Equation
13, the thermal wave AT y(p, z) is given as

ATo(p.2)

i

J o p'dp’ f 4z G (p,21p.2)

0 0

[ alhv — E)I(p')e
X —
hvK

 EAN(p.2)
K

i

Lw EAETo(EP)(E)[As(§) e

+ Au(€)e™™ + As(8)e” "] (14a)

where 6r(8) = [ —j(paCw)/K]"? is the thermal
wave vector, I(§) is the same as in Equation 6a, A3,
A,, and A5 are defined as

As(E) = [0 — op(&)][op(E) — o3&} ] 0, (E)
(14b)
A (F) = ¢ hv —E
4(8) = m{-(\’— e)
S T 14
" Dl - cé(é)]} (14
ey - A o aa)

Thus, the thermal wave, ATy(p,z), generated by
a Gaussian-form pumping beam, varies with the radial
distance, p, and the depth, z. Using the same method
as in the calculation of the plasma wave, Equation 7, if
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TABLE I Values of the parameters used in the calculation

Electron charge, e

Electron mass, mg

Effective mass in Si [4,6], m,

Bandgap energy of Si[12], E,

Thermal conductivity of Si[6], K

Refractive index of Si[6], n

Absorption coefficient of Si[2,4],

Mass density of Si[4], pg

Heat capacity of Si[6], C

Ambipolar diffusivity of Si[1,6], D
Recombination time [1], T

Temperature coefficient of reflectance [2], Cy
Wavelength of probe beam (He—Ne laser), !
Photon energy of pumping beam, (A = 488 nm Ar + laser), hv

4.8 %1071 e.s.u.

9.1 x 1028 ¢

0.15 mo

1.13 eV

1.42 Wem™!eC™!
39

104 cm !

233 gem 3
0.703 Jgmtoc!
20 cm?s!
104 s
1.5%107% °C!
0.633 wm

241 eV

the pumping beam radius, pg, is infinite, then the
thermal wave, AT y(p, z), is rewritten as

2

@ 2 £ p3
ATy = tim | Edes(ep) (’%@e‘7>g(é)

= Ipo[A5(0)e™ % + 4,(0)e™*
+ As(0)e™o07] (15)

where (&) = [43(8)e ™% + A, (§)e™ + 45(E)
x e M= A4(E), Au(E), and As(E) were defined in
Equation 14b—d. The thermal wave, AT (2), of Equa-
tion 15 is only dependent on the depth, z, independent
of the radial distance, p, and becomes identical to that
of the one-dimensional results [6, 10].

Weakiem et al. give the temperature dependence of
the reflectance up to 200K above room temperature
in silicon as follows [2,7]

ARy

RO = CTATO (16)

where Cy is the temperature coefficient of reflectance
given in Table I, and R, is the reflectance without the
pumping beam.

2.3. Calculation of the modulated
photoreflectance
The photoreflectance of the semiconductors is affected
by both the plasma and thermal waves generated by
the modulated incident pumping beam. Thus, the
modulated photoreflectance at the surface is given by
the summation of these two contributions given by
Equations 9 and 16 [6~8]

AR(p, 1) ARe(p,1) | ARq(p,7)
Ry R, Ry

= —CpAN(p,0,1) + C:AT(p,0,1) (17)

where ARp(p,t) and ARp(p,t) are the modulated
reflectance components of the thermal and plasma
effects, respectively. AN(p,0,7) and AT (p,0,¢) are the
plasma and thermal waves on the surface, respectively.
The photoreflectance oscillates with the same fre-
quency as the modulated pumping beam, ®, and is
given by

R(p,t) = Ro + AR(p,t) = Ro + AR(p)e 7 (18)
3764

then, the intensity of the reflected probe beam is given
as follows.
Intensity of reflected probe beam = I,(p)R(p,1)

= I(p)[Ro + AR(p)e 7] (19)

where I,( p)is the intensity of the incident probe beam
on the semiconductor surface, which is given for the
TEMgo mode Gaussian beam as

p2
Ii(p) = Io exp( - —2> (20)
P1
where p,, p and I, are the probe beam radius, the
radial distance from the beam centre and the max-
imum intensity of the probe beam on the surface,
respectively. The intensity of the reflected probe beam
also oscillates with the modulation frequency, o, and
the power of the reflected probe beam is obtained by
integrating the intensity of the reflected probe beam of
Equation 19 over the semiconductor surface, S, as
follows [1]

Power of reflected probe beam

L I(p)R(p,1)dS

- J 1(p) [Ro + AR(p)e—7dS (1)
S

The power of the reflected probe beam contains a.c.
and d.c. components in Equation 21, and we define the
modulated photoreflectance, PR, as the ratio of the
reflected power of the a.c. and d.c. components,

_ac. power of the reflected probe beam

PR (22)

" dc. power of the reflected probe beam
If both centres of the probe and pumping beams
coincide, the a.c. power of the reflected probe beam,
the numerator in Equation 22, is

j "a8 j " pdpAR(p) I, (p) 23)
0 0

The d.c. power of the reflected probe beam, the de-
nominator in Equation 22, is

2n o
f do j pdpRoI(p) = npileRe  (24)

0 0



Dividing Equation 23 by Equation 24, we obtain
the PR of Equation 22 as

1 [ ® . .| AR
PR = — do L pdp{e_"“’l [—R—(p—)J} (25)

p)
TPp1 Jo 0

By substituting the modulated photoreflectance of
Equation 17 into Equation 25, PR is rewritten in
terms of the thermal and plasma waves as follows

2 o 2
PR = _zj pdp(c%XP—%)[—CPANo(p,O)
1

1J0

+ CrATo(p,0)] (26a)

The absorption coefficient of the incident pumping
beam of an Ar™ laser is about 10* cm ! in a silicon
wafer [2], then, the incident pumping beam will be
absorbed in ~ 1 um range of the subsurface. There-
fore, we assume that the absorption coefficient, a, is
infinite, and by substituting ANy(p,0) of the plasma
wave of Equation 6 and AT ( p, 0) of the thermal wave
of Equation 14 into PR of Equation 26a, using the
following integration formula

F ¢~ Jo(Ep) pdp = 2L GXP< - E"Zm) (26b)
0 2 4
the PR is obtained as follows

P ® _ pr 2 _ CP CT
PRy = n L gdge™e " { Do, (&)hv * Kor(g)

{ E, Cr E,
“\" Thv) T KDeo2E) — 03(®)] hv
1 1
X(oT@)“E£E5>} &

where p, = [(p? + p3)/2]'? is called the effective
beam radius.

The photoreflectance, PR;p, as seen in Equation 27,
depends on the radii of the probe and pumping beams
p; and py, and we assign Equation 27 as the three-
dimensional PR.

In previous works, however, the effects of pumping
and probe beam size on PR have not been considered
[6-117. Under the conditions in which the radii of the
probe and/or the pumping beam, p; and p,, are larger
than the wavelength of the plasma wave and the
thermal wave, ie. pi/A, > 1, pi/Ar > 1, |po/A, > 1,
Po/Ar > 1, then Equation 27 is approximated as

P Ce C: E
PRip ~ —51 — |- Ce
Rip np?{ Doy (O)hv KGT(O)< hv>
o .
KDt[0z(0) — 61(0)]

E[ 1 1
Xﬁ[m@‘aﬁﬂ} %)

where, 61(0) and c,(0) are the thermal and plasma
wave vectors in one-dimension and three-dimensions,
respectively. The wave vector, wavelength and modu-
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Figure 2 (a) Variation of the magnitude, and (b) phase of the
calculated photoreflectance with the effective beam radius in a sili-
con wafer. (-—-) one-dimensional analysis, ( ) three-dimen-
sional analysis. Modulation frequency = 1 MHz, D = 20 cm? s~ 1,

T = 100 pm.

lation frequency are related by

i 1/2 29
P m 27[[(TD)/'(1 _](DT)I] / ( )
* _G 27C[K/(p Co))]l/Z ( 9b)
' l T(O)I ’ d 20}

The result of Equation 28 agrees with the one-di-
mensional PR obtained by Opsal et al. [6]. Thus, we
assign PR, of Equation 28 to be the one-dimensional
photoreflectance. '

3. Results and discussion

We assumed that the power of the pumping beam in
the silicon wafer was 1 mW and the radii of probe and
pumping beams were the same in the calculation, for
simplicity (p. = [(p? + p3)/2]"* and p; = po, then
p. = p1 and p, = po). The magnitude and phase of
PR;p and PR;p were calculated from Equations 28
and 27, respectively, using the parameters listed in
Table 1.

3.1. The variation of photorefiectance with
effective beam radius

Fig. 2a shows the variations of the magnitude of PRp

and PR;p with the effective beam radius at 1 MHz

modulation frequency in which the dashed and solid

lines represent the magnitude of the calculated PR, p
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and PR;p, respectively. The PRy, decreases as the
inverse square of the effective beam radius, p,, in
agreement with Equation 28 in the whole range. PR3p
is about 100 times less than PR, for the effective
beam radius 0.1 pm and decreases with the effective
beam radius, p., until 112 pm, followed by the same
dependence on p, as for the one-dimensional case. The
wavelengths of the thermal and plasma waves are
given by Ay = 46.7 um and &, = 112 pm, respectively,
for the 1| MHz modulation frequency of the incident
pumping beam from Equation 29. So, p./Ar > 2.36
and p./A, > 1, and the necessary condition, pe/Ar > 1
and p./A, > 1, for PR;p to be equal to PR,y is satis-
fied when the effective beam radius, p., is larger than
112 um. For p, < 112 pm, in turn p, <A, { = 112 pm
at 1 MHz modulation frequency), then p./A, < 1 and
the aforementioned conditions for PRy to be equal to
PR,y are not satisfied; consequently, the magnitude of
PR;p, becomes smaller than that of PR, due to the
energy loss within the effective beam radius.

Fig. 2b shows the variation of the phase shift of
PR, and PR;p with the effective beam radius at
1 MHz modulation frequency. The dashed line, the
phase shift of PR,p, is nearly constant at 225°, where-
as the solid line, the phase shift of PR, increases with
the effective beam radius, reaching the same constant
value of PR, at the beam radius of 112 pm caused by
the same reason as the variation of the magnitude in
Fig. 2a.

3.2. The variation of photoreflectance
with modulation frequency

The experimental equipment used for the PR
measurement is shown in Fig. 3. An acousto-optic
modulator and function generator were used for the
modulation of the pumping beam of an Ar* laser
(A =488 nm, 15mW). The He-Ne laser (A=
632.8 nm, 5mW) was used as a probe beam and the
changes in the reflectivity of the He—Ne laser beam
were measured with a silicon photodiode detector,
filtered by a 632.8 nm bandpass interference filter. The
output voltage of the detector was measured via
a lock-in amplifier (SR 530) controlled by a personal
computer through GPIB.

Fig. 4a is the modulation frequency dependence of
the PR for the effective beam radius of 2 pm. The solid
and dashed lines represent the magnitude of PR, and
PRy, respectively and the circles represent the meas-
ured PR data for a bare silicon p-type (100) wafer
with a resistivity of 20 Q cm. The magnitude of PRy is
nearly constant in the frequency range between 1 kHz
and 10 MHz, whereas that of PRy, decreases with the
modulation frequency as @~ '/?, in the same manner as
in Fig. 3a and b of Vitkin et al. [8]. The magnitude of
PR, approaches that of PR;p as the modulation
frequency increases. The wavelengths of thermal and
plasma waves are Ap = 1476 pm and A, = 2531 ym
for the 1kHz modulation frequency, Ap = 147 pm
and A, = 3545 pm for the 10 MHz modulation fre-
quency, respectively. For the effective beam radius,
P = 2um, p./Ar = 0.00136 and p./A, = 0.00079 for
the 1 kHz modulation frequency, and p./Ay = 0.136
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Figure 3 A schematic diagram of the experimental equipment for
the measurement of photorefiectance.
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Figure 4 (a) Variation of the magnitude, and (b) phase of the
calculated and measured photoreflectance with the modulation
frequency in a silicon wafer. (——-) One-dimensional analysis,
{ } three-dimensional analysis. (O) Experimental data (effec-
tive beam radius = 2 pm, D =20 cm?s”~ %, 1 = 100 um).

and p./A, = 0.0564 for the 10 MHz modulation fre-
quency, respectively. Thus, p./Ar and p./A, approach
1 as the modulation frequency increases from 1 kHz to
10 MHz, because the thermal and plasma wavelengths
decrease with increase of modulation frequency, as in



Equation 29, consequently, PR;p approaches PR, p by
satisfying the equivalence conditions. The smaller
magnitude of PR;p, compared to that of PR, over the
whole frequency range is caused by the energy loss
within the effective beam radius due to not satisfying
the equivalence conditions. The agreement between
the variation of calculated and measured magnitudes
of PR in the limited modulation frequency range
suggests justification for the three-dimensional PR
analysis.

In Fig. 4b, the solid and dashed lines depict the
variation of phase in PR,p and PRy, with the modu-
lation frequency, respectively, and the circles represent
the measured phase data of the output in the lock-in
amplifier. The phase shift of PR, varies from 180° to
225° with-modulation frequency, but that of PR;p
increases from 0° at near 1 kHz and approaches that
of PRp. The good agreement between the measured
and calculated phase shifts confirms again the justifi-
cation of the three-dimensional analysis to account for
the observed phase shift, as in the case of the variation
of the magnitude of PR in Fig. 4a.

4. Conclusion

The effects of beam size and modulation frequency on
photoreflectance were investigated for a silicon wafer
by considering the generation and propagation of
plasma and thermal waves. The photoreflectance,
when considering one-dimensional generation and
propagation of plasma and thermal waves, PR, at
1 MHz modulation frequency, decreased as the in-
verse square of the effective beam radius, p.. However,
the photorefiectance when considering three-dimen-
sional generation and propagation, PRy, was 100
times smaller than PR;p at p. = 0.1 um, and decreased
with p., followed by the same variation as PR, from
p. = 112 um. Theoretical analysis confirmed that the
equivalence conditions of p./A, > 1 and p./Ar > 1 for
PR, = PR,y were satisfied when p, > 112 um. How-
ever, for p. < 112 pum, the equivalence conditions were
not satisfied; consequently, PR3 becomes less than
PRy, due to the energy loss within the effective beam
radius. The phase shift of PRy, was nearly constant
at 225°, whereas that of PR;p increased with the
effective beam radius, reaching the constant value of
PRy, at the beam radius 112 um. The approach of the
phase shift of PR;p, to that of PRy, was caused by the
same reason as the variation of the magnitude of PR.

PR;p was nearly constant in the frequency range
between 1 kHz and 10 MHz, whereas PR, decreased
with the modulation frequency as o ~ /2, approaching
PR;p. As the modulation frequency increased from
1 kHz to 10 MHz, the wavelengths of thermal and
plasma waves approached the effective beam radius,
pe/Ar and p./A, approaching 1; consequently, the
magnitude of PRsp approached that of PR,y The
magnitude of PR3y was smaller than that of PR, in
the whole frequency range, due to the energy loss
within the effective beam radius. The agreement be-
tween the variation of the calculated and measured
magnitude of PR for a silicon wafer with the modula-
tion frequency suggests the justification of the three-
dimensional PR analysis. The phase shift of PR,y
varied from 180° to 225° with increase of the modula-
tion frequency of the incident pumping beam, but that
of PR;p increased from 0° at ~ 1kHz and ap-
proached that of PR,;,. The good agreement between
the measured and calculated phase shift justified again
the three-dimensional analysis to account for the ob-
served phase shift, as in the case of the variation of the
magnitude of PR with the modulation frequency.
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