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A numerical method developed previously [J. Appl. Phys. 80, 4621 (1996)] has been extended to simulate the
nonnormal-incidence reflectance-difference spectroscopy and transmittance-difference spectroscopy spectra of
biaxial anisotropic (¢, # €, # ¢,) multilayer systems with finite thickness. It is demonstrated that, when the
principal axes of the anisotropy layer are at certain orientations, a reflectance-difference spectrum can be sepa-
rated into two spectra, namely, an in-plane anisotropic spectrum and an out-of-plane anisotropic spectrum. It
is shown that the separation is valid for large in-plane anisotropy, i.e., [, = ¢,| ~ |¢.{, and an incident angle
of < 20°. © 1998 Optical Society of America [S0740-3224(98)01203-X}
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1. INTRODUCTION

Reflectance-difference (anisotropy) spectroscopy (RDS) is
one of the few optical techniques that one can use to in-
vestigate the surfaces and the interface of semiconductor
materials under steady-state conditions.!”® RDS spectra
have been used successfully to measure various kinds of
semiconductor layered structure, such as ZnSe/GaAs in-
terfaces, atomic-layer epitaxy—grown ZnSe, Si-SiO, in-
terfaces, (001) GaAs, I1I-V materials, and Gag gIngsP.410
The growth methods consist of molecular-beam epitaxy,
atomic-layer epitaxy, organometallic vapor-phase epitaxy,
ultrahigh-vacuum molecular-beam epitaxy, and metal-
organic chemical-vapor deposition, among others.4-1°
RDS measures the optical anisotropy that is due to the
difference between the incidence reflectance of light polar-
ized along the two principal axes in the surface plane as a
function of photon energy, thus providing information
about electronic structure.

Transmittance-difference spectroscopy (TDS) is an-
other optical technique that can probe the interface be-
tween a surface and a bulk substrate and is especially
useful in investigation of transparent polymers. TDS is
analogous to RDS, but instead of measuring the reflec-
tance of polarized light it measures the transmittance of
polarized light. TDS can truly elucidate the difference
between s and p-polarized light at normal incidence. Af-
ter optical measurements, e.g., RDS and TDS, that are
functions of some physical parameters in which we are in-
terested are obtained, a model must be developed that
will permit us to predict accurately what should be mea-
sured from a sample of known properties.

The published analytical formalism used in modeling
theoretical RDS spectra is based on two assumptions:
The RDS spectra are measured at normal incidence and
the thickness of the anisotropic interface d is much less
than \, the wavelength of the incident light.%1}-% The
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analytical formalism was summarized by Hingerl
et al.'?  They considered a biaxial overlayer of thick-
ness d < A whose principal dielectric tensor components
in the crystal-coordinate system were ¢,,, €,,, and €, .
Here \ is the vacuum wavelength of light. They assumed
that the dielectric functions of the ambient and isotropic
substrate were ¢, and ¢, , respectively, where €, was real.
Their analysis was based on Berreman’s 4 X 4 matrix
formalism.

Berreman’s formalism states that the connection be-
tween input and output sides of the nth layer can be writ-
ten as

V,=P.¥,_,, 1)
where P is often called a propagator:
P = expli{w/c)Dd]. (2)
The solution of Eq. (1) is
a w
— V¥ =i — DV, (3)
dz c

where D is the wave transfer matrix of rank 4 with com-
ponents that depend on the principal dielectric tensor of
the layer and the angle of incidence. Hingerl et al.!!!?
assumed that, for d < A, one can evaluate the exponen-
tial of the propagator matrix by taking the first-order
term, i.e.,

expli(wd/c)D] =1 + i(wd/c)D, (5

where I denotes the 4 X 4 unity tensor. Finally, they ar-
rived at the equation for normal-incidence RDS, i.e.,

é: _ 4midn (€, — 6”), 5
r Ae — €,)

where n? = ¢,.
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Yasuda et al. have developed an analytical method to
correct interface RDS spectra for the relatively large ef-
fects of overlayer thickness.® They assumed a three-
phase model consisting of a substrate s, an overlayer o of
thickness d, and an ambient a. In this model the com-
plex reflectance r is given by the Airy formula as

.= Zry + Iy ’ ©

1+ Zryra

where Z = exp(2ik,d), ck,/w = n, is the refractive index
of the overlayer, ¢ and w are the velocity and the angular
frequency of light, respectively, and r,, and r,, are the
complex normal-incidence reflectances at the substrate-
overlayer and the overlayer-ambient boundaries, respec-
tively. They assumed that the reflectance-difference
(RD) spectrum arises from an anisotropy in r, that is de-
scribed by the small quantity Ar,,. They showed that

Ar -
. -—) (rsoroa + Z )(ero + roa)
(Ar r d _)
Tl Ceafon * Dir * 70

where (Ar/r)y is the anisotropy RD calculated for an over-
layer of thickness & and (Ar/r), is the anisotropy RD cal-
culated for d = 0, i.e., without the overlayer.

The normal-incidence assumption made by Hingerl
et al. and Yasuda et al. is inadequate because their RD
spectra were acquired at near-normal incidence. Hingerl
et al. and Yasuda et al. alsc assumed a thin interface
layer. It is dangerous to assume a thin interface at a
low-wavelength region comparable with the thickness of
the interface. To obtain an accurate simulation of a
three-phase layered structure, one should consider the in-
terference of transmitted and reflected light beams
formed inside the interface layer.

Kwok and Yang'® have developed a numerical method
based on the 2 X 2 matrices established by Yeh!* to
simulate the nonnormal-incidence RDS spectra of biaxial
anisotropic (¢, # £, # &;) multilayer systems. From the
model it has been demonstrated that in the cases of near-
normal incidence (=5°) and when the anisotropy within
the layer plane (in-plane anisotropy) is small (¢, ~ &,
< g,) a RDS spectrum can be separated into two spectra,
namely, an in-plane anisotropic spectrum and an out of-
plane anisotropic spectrum.!®

In this paper we extend the discussion, for the first
time to our knowledge, to include the simulation of TDS.
We demonstrate numerically that when the principal
axes of the anisotropy layer are at certain orientations, a
RDS or a TDS spectrum can be separated into two spec-
tra, namely, a biaxial spectrum that is produced by the in-
plane anisotropy (e, # £,) and a uniaxial spectrum that
is produced by the out-of-plane anisotropy (e, # ¢,, &,
# &,). We show that the separation is valid for large in-
plane anisotropy, i.e., that |e, — £,} is comparable with
le|, and that the incident angle is <20°. The numerical
method can systematically handle more-complicated lay-
ered structures when necessary.

2. FORMALISM

Previously Kwok and Yang considered a layered structure
consisting of a substrate followed by an interface, an over-
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layer, and an ambient.!® It was assumed that the sub-
strate was too thick for the light beam to pass through it,
i.e., that there was no transmitted light."® Here we as-
sume a layered structure consisting of a substrate s, an
interface i of thickness d,, an overlayer o of thickness d,, ,
a front ambient fa, and a back ambient ba. A light
beam polarized at 45° to the incident plane with incident
angle 4, will be partially reflected and partially transmit-
ted among the overlayer, the interface, and the substrate
many times. It can be seen that the reflectance of the
light beam is different from that in the previous case,'®
and three more matrices must be included in the formu-
las. We summarize the formulas and emphasize the ef-
fect of the incidence angle as follows.

Againswe can resolve the incident polarized beam into
two components, s (the electric field vector is parallel to
the surface) and p (the electric field vector is perpendicu-
lar to the surface and the beam path). Suppose that the
materials of the substrate. the interface overlayer. and
the ambient are isotropic and homogeneous: then the s
and the p waves will propagate along the same path. Ac-
cording to Yeh,!* the amplitudes of the incident beam A, ,
the reflected beam B, , and the transmitted beam A, can
be calculated by 2 X 2 matrix multiplication as

Ag
By,

[Aba

= D" 'D,P,D,'D,P.D,"'D.P.D, Dol B, }
8

B, = 0 because the light beam will not be reflected back
to the substrate from the back ambient. P,, P,, and P,
are the propagation matrices in the form

expli¢,) 0

a

(9)

0 expl—i¢g,)|

where ¢, = 27d, cos 8,n,/\. Dy, D,,D;, D, and Dy,
are the dynamic matrices in the form

D 1 1 1
= s wave,
“ n, cos 0, -n, cos 6(”;
(109
cos 4, cos ¢,
«= i p wave. (11
l n a -n a .,

8,and n,(a = fa, 0, i, s, or ba are the refracted angle
and the refractive index of each medium. The reflection
and transmission coefficients are defined as r,
= Bg'/A;® and t; = Ay,°/A;,° for the s wave and r,
= BPIA;P andt, = AyP/A;,” for the p wave. Finally,
RDS and TDS signals are defined as

However, if more than one medium is anisotropic ‘ho-
mogeneous), the interface s and p waves are in general
coupled to each other. They will propagate along differ-
ent beam paths. According to Yeh.!* the amplitudes of
the incident, reflected, and transmitted beam can be ob-
tained as
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Agt
Bfas -1 -1 -1 -1
A[ap =D[a DoPoDo D,P,‘D,‘ DsPaDs Dba
B.P

Cbao

Ebao

X Cy E (12)
a
EbaE

Note that the amplitudes E,,° and E,,F equal 0 because
there is no reflected beam traveling backward into the
substrate. The reflection-transmission coefficients and
the RDS-TDS signals have the same definitions as in the
isotropic layered structure. The elements of the 4 X 4
propagation and dynamic matrices depend on the dielec-
tric tensor of the anisotropic layer and in general are dif-
ficult to obtain. However, we show that, at some specific
orientations, the 4 X 4 matrices can be reduced to simple
forms.

Consider the case when the principal dielectric axis of
the interface z' is parallel to the laboratory z axis but the
principal dielectric axes x' and y' are at an angle ¢ to the
laboratory x and y axes, because we can rotate the sample
along the xy plane. The dielectric tensor of the aniso-
tropic layer becomes

£y cos?® ¢ + £y sin? ¢ cos ¢ sin ¢(e, — &,) 0

cos ¢ sin ¢(e, — &,) e cos? g+ e sin ¢ 0

0 0 €,
(13)
Note that when ¢ = 0°, 90°, 180°, 270° the dielectric
tensor reduces to even simpler forms. We find that un-
der these special rotational angles the s and p waves are
decoupled. Therefore we can use the 2 X 2 matrix mul-
tiplication to calculate their reflectances separately. If

8, > 0°, the dynamic matrices of the interface i are

1 1
D, = ] s wave, (14)
ng cos 6 —ng cos 6
cos 6, cos 6, _
i = p wave, (15)
np —np

and the propagation matrices are

exp(i2wng cos 6,d;/\) 0

L 0 exp(~i2mng cos 6,d;/\)
exp(i2mn, cos 6,d;/\) 0

e 0 exp(—i2mn, cos 6,d;/\)
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when ¢ = 90° or 270°,

ng =n;,

N2 12
n, = {(n 1% = (n,)? sin® 6,,[[—'.! —-1” ,
‘nS
(19

where the refractive indexes of the interface are n*
= \e, nS = \s__‘,, and n;/ = \&,.

For nonzero 8, we see that the electric field vector E of
any incident polarized light can be separated into two
components, one parallel to the z axis and the other par-
allel fo the xy plane, i.e.,

E=A;ss+ Ap=A,y+ A, cos 6,x — A, sin b,z
(20)

When tan ¢ or tan(é = 180°) equals A /(A cos 6,)
= 1l/cos 6, (45° polarized light beam. ie. A, = A,
E,lx’ and the light beam will probe only one of the in-
plane principal dielectric constant, ¢,. We also see that
when tan(¢ * 90°), tan(é = 270°) = A, /(A, cos 6,) = 1/
cos 6,, E,,lly’ and the light beam will probe only the in-
plane dielectric constant, £,. The RDS or TDS signal is
produced only by the out-of-plane anisotropy (g, # &, or
g, # €,) of the interface.
Therefore, when
= tan~}1/cos 6,) = 180°,

& = tan"}1icos 6,) or ¢

= x
ng=n;",

‘nf 2 12
n, = (n)? = (n,)? sin® Ha!(n—} - 1“ .
2y

When ¢ = tan"}(1/cos 6,) = 90° or & = tan™!(1/cos 6,
* 270°,

= nY
ng=n;,

n

Ny 2 172
= 2 2 o "
p = (0% —in,) sin? 00{‘;—:, - 1” .

s wave, (16)

p wave. (17)

The refractive indexes n, and n,, in Eqgs. (14)-(17) depend
on the angle ¢. When ¢ = 0° or 180°,

= x

ng=n;,
no\? . v2
ns? ’

=
I

(n?)? — (n,)? sin? 6,

The dynamic matrices Dy, D,, D, and D,, and the
propagation matrices P, and P, remain the same as in
the isotropic case.

The matrix method described above is an exact ap-
proach to the propagation of electromagnetic radiation in
anisotropic layered media. Both birefringent phase re-
tardation and thin-film interference are considered. The
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general explicit forms of the reflection coefficients r,, r,,
¢y, and £, are too complicated to derive and are normaily
not available.

Numerical methods are used to generate the RDS and
TDS spectra. We demonstrate the numerical method by
considering an anisotropic interface sandwiched between
two isotropic layers, a ZnSe overlayer and a GaAs sub-
strate.

3. NUMERICAL ANALYSIS

The refractive indices of ZnSe and GaAs at different
wavelengths were obtained from the literature.!”8 Both
of them are isotropic media. We have to generate the re-
fractive index of the interface. We can assume that the
interface is a modified ZnSe layer. We add three Lorent-
zian resonances to the principal refractive indices of
ZnSe:
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RDS spectra generated at ¢ = 0° and different incident angles
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We see that the in-plane anisotropy is induced by &, and
£3, whereas the out-of-plane anisotropy is induced by €,.
Thicknesses of the ZnSe overlayer d, of 100 nm, the in-
terface d; of 5 nm, and the GaAs substrate d; of 300 nm
were used in the calculation. We now show numerically
that a RDS or a TDS spectrum can be separated into two
parts, i.e., an in-plane biaxial spectrum and an out-of-
plane uniaxial spectrum. The real and the imaginary
parts of the RDS and TDS spectra generated at ¢ = 0°
with different incident angles 6, = 5°, 10°, 15°, 20° are
depicted in Figs. 1 and 2. At this ¢ angle the in-plane
anisotropy is maximum in the RDS and TDS spectra, so
that both biaxial and uniaxial anisotropy contribute to
the RDS and TDS signals. In Figs. 3 and 4 the RDS and
TDS spectra are generated by the same parameters as in
Figs. 1 and 2, except that ¢ = tan™!(1/cos §,). At this ¢
angle, the biaxial anisotropy no longer contributes to the
RDS and TDS signals. We see that the out-of-plane an-
isotropy RD and TD signals become more significant as
the incident angle increases. Now, if we subtract from
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the spectra of Figs. 1 and 2 the spectra shown in Figs. 3
and 4, we find that the resultant spectra are identical to
the spectra generated at & = 0° and 6, = 0° (normal in-
cidence), as shown in Figs. 5 and 6. When ¢ = 0° and
8, = 0° the uniaxial anisotropies no longer contribute to
the RDS and TDS signals. The excellent overlap of the
spectra of Figs. 5 and 6 shows that the following relation-
ships are true for 6, < 20°:

Ar ¢ =0°, Ar(d;=0°)

T\, = 20° Tl =0°

r

Ar {a& = tan~!(1/cos ea>l
+ —— 3

Tl 6, <200
Ay
(23)
At(¢=0°)_At ¢=0°]
T le, =200 " 7 lg,=0°
. At [é = tan™!(1/cos 6,)
T e=2
(24)

TDS signal
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-0.40 L L - 1
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Fig. 4. (a) Real part and (b) imaginary part of the numerical
TDS spectra generated at ¢ = tan~'(1/cos ¢,) and different inci-
dent angles 6, .
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Fig. 5. (a) Real part and (b) imaginary part of the numerical
RDS spectra of Fig. 1 after the spectra of Fig. 3 are subtracted;

the spectrum is generated at ¢ = 0° and 6, = 0°.

Moreover, we find that

Ar(¢=90")_ Ar(¢=90°)
T le, =200 g, =0°

Ar [¢ = tan"!(1/cos 6,) = 90°
My 8, < 20° ’
(25)
£(¢=9O°)_ A_‘(‘¢=9O°)
T le,<20°) = 7 \g, =0°

At {d) = tan~!(1/cos §,) = 90°
T 8, < 20°

(26)

In other words, a RDS or a TDS spectrum acquired at ¢
= 0°or ¢ = 90° and 6, < 20° can be separated into two
parts, a biaxial spectrum induced by the in-plane anisot-
ropy (e, # ¢,) and a uniaxial spectrum induced by the
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out-of-plane anisotropy (g, # €, or £, # £,). We can
simply interpret the upper boundary of 8, at 20° by Eq.
(20). From Eq. (20), E,, will be parallel to x’ if tan ¢
= 1l/cos §,. When 6, = 0° (normal incidence), ¢
45°, As g, > 0°, ¢ becomes larger than 45°. When
= 20°, Ad = ¢ — 45° = 1.781°; when 6, = 25°, Ao
2.814°. It seems that, provided that sin(dA¢) =~ A, a
RDS or a TDS spectrum can be separated into two parts,
a biaxial spectrum and a uniaxial spectrum.

>

a

[l

4. CONCLUSION

In most published RDS studies normal-incidence reflec-
tion and thin anisotropic interface were assumed, al-
though*most of the RDS spectra were measured at nearly
normal but, strictly speaking, nonnormal incidence. We
have shown that a nonnormal incidence, even at 5°, will
bring the off-plane anisotropy and the Fresnel
reflectance-transmittance components of a surface-
interface into the resultant RDS-TDS spectrum. Ignor-
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ing their existence will result in great misinterpretation,
for example, in our case, counting the out-of-plane anisot-
ropy induced by &, as the third in-plane anisotropy oscil-
lation.

The Bereman formulism can completely generate non-
normal RDS-TDS spectra with finite layer thicknesses
following the idea of Schubert.!® However, by using ei-
ther Yeh's or Berreman's formalism one cannot avoid
complicated matrix multiplication. Definitely, a single-
line equation will not simulate an accurate RDS-TDS
spectrum of a multilayered system. Numerical analysis
is the only practical way to acquire the dielectric con-
stants of multilayered systems from RDS-TDS spectra.

We have extended the developed numerical method'® to
take into account the effects of nonnormal incidence on
the RDS-TDS spectra of multilayver biaxial anisotropic
systems with finite layer thicknesses. More-complicated
systems can be systematically studied by our method.
We have shown that when the principal dielectric axes of
the interface are at certain orientations, the RDS-TDS
spectra can be separated into two parts, a biaxial spec-
trum that depends on the in-plane anisotropy (&, # &,)
and a uniaxial spectrum that depends on the out-of-plane
anisotropy (e, # €,, &, # £;). We have further shown
that the separation is valid for large in-plane anisotropy,
i.e., when |e, — &,| is comparable with |e,| and the inci-
dent angle 6, is =< 20°. By separating the RDS spectra
into two parts, we can systematically study the in-plane
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anisotropy and the out-of-plane anisotropy of any lavered
structures.
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