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A problem of importance to many investigators is the effect of surface imperfec­tions on the measured thickness and refractive index of a thin film overlaying that surface. In this paper, errors produced by neglecting the roughness of the surface are presented. The dimensions of the roughness (submicroscopic bumps and pits) are assumed much smaller than the wavelength of visible light. In this case, the roughness is equivalent on optical properties to a thin flat film on a flat substrate surface. Generally this film is inhomogeneous and anisotropic (uniaxial with its optic axis normal to the surface). The thickness of the equavalent film is arbitrarily made equal to the volume per unit area of all bumps or pits. The principal values of refractive index, or components of polarizability tensor of this equivalent film are determined by the shape of the bumps or pits and surface irregularities asso­ciated with them, and by refractive index of substrate. To determine the magnitude -of the errors arising from surface roughness in ellipsometric measurements, values of ellipsometric angles 1::,. and 'l/J were calculated by representing the rough surface as an equivalent film placed upon a smooth substrate. Two different models were used for this film. In the first model the equivalent film was considered as inhomogeneous film. A procedure for treating an inhomogeneous (equivalent) film normal to a surface as a series of homogeneous films has been reported previously 1 >. The factor q (z)for the random rough surface described by random function of position z (xy) was derived in the form2> 
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( 1 ) 

where q (z) is the volume fraction of the substrate material in a rough surface versus distance from the mean level and u standard deviation ( - assuming that the random variable z is a normal process with mean zero and standard devia­tion u), 
;: 

<P = _3_ f exp (- !:__) dt.
J/2n 2 

Substituting (1) into Maxwell-Garnett relationship3• 4> are calculated of the effec­tive complex refractive index of the equivalent film and using a numerical procedure described in Ref. 1 > are calculated ellipsometric angles LI and 1P· The values of LIand 1P obtained are given in Figs. 1 ,  2 for two substrate (silicon and germanium) materials. The analytic solutions are represented by solid lines in Figs. I ,  2 ,  the 
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Fig. 1 .  The solid lines curves were calculated from Maxwell-Garnett relationship, for the factor 

q (z) in the form (l) and for the angles of incidence 50°, 60°, 70°, 75°, The experimental 
measurements are presented for silicon by middle points of the series of samples, one in 
which the surface roughness is small 6 S 100 AO and the other in which the samples have
large values of roughness 

100 A0 S 6 S 200 A0 

These points are presented by the symbols 

� 0 :S d :S 100 A0 

e 100 A0 :S d :S 200 A0 
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Fig. 2. The solid line curves were calculated from Maxwell-Garnett relationship, for the factor 
q (z) in the form (1) and for the angles of incidence 60°, 70°, 75°. The experimentatl mea­

surements are presented for germanium by middle points of the two series of samples, vne in 
which the surface roughness is small � ::;; 100 AO and the other in which the samples have 
larger values of roughness 

100 A0 :S d :S 200 A0
• 

These points are presented by symbols 
A O :S � s 100 A0

, 

e 100 A0 :S d :S 200 A0
• 

experimental results by middle points of the two series of measurements. In the 
first series the surface roughness of samples is small ( u < I 00 A 0) in the other
one is larger (u :::;; 200 A 0). The fit of analytic curves to the experimental points 
in Figs. 1 and 2 for large angles of incidence is not good. With the second model, 
the problem of the perturbation of reflectance by random distribution of particles 
on flat substrate surface is considered. Similar problem was previously solved in 
other ways in Refs. 5 - 7>. The size of these particles is small compared with the 
wavelength of incident radiation. Particles are assumed resting on flat substrate 
surface. In this case the surrounding field is distorted by its image in the substrate. 
For that reason can be assumed as the first-order approximation for the polariza­
bility tensor of particles expressions 

0 2 
a.u = axx 1 + n2 '

0 2a,, = a,,, 1 + n2 ,
2n2 

au = a:: 1 + n2 '

(2)
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where a�x, :v:v, zz are diagonal component of the polarizability tensor of an isola­ted particle and n refractive index of the substrate material. The thin layer of osci­llating dipoles (particles) on the surface of a semi-infinite isotropic substrate will contribute an amplitude reflected beam for the cases of ,,s,, and ,,p,, polarization separately. It can be shown easily2> that the total amplitude reflectance are, to first order in perturbation
Rs = [ i  + i

2 n t
. 4 n Xxx : 

] . Ros ,1. Vn2 - sin2 e - cos e 

R,, = { 1 + i �n t [4nX.,., cos fJ Vn2 - sin2 e + ,1. n2 cos e - V n2 - sin2 e 

+ - 4n Xzz · · R0,,, 
n2 sin2 fJ ] }  n2 cos e - Vn2 sin2 e (3) 

where X xx, ,,,,, zz are diagonal· component of the electric susceptibility tensor, t thickness of the equivalent film, n refractive index of the material of substrate and of particles, R0,,, Ros the Fresnel coefficient for the ,,p,, and ,,s,,components of amplitude reflected by perfectly smooth surface, Greek fJ the angle of incidence, and Greek ,l the wavelength in vacuum. From (3) can be found the ratio of ampli­tudes 
R,, = tg 1P ei4 = tg ( 1Po + d?p) eiC4o + dLf) ,Rs 

and the expressions for the perturbation of the ellipsometric angles 

where 

dLI = 2 n t Re (Z),l 
d1J1 = - 2;i sin 1J'o cos 1J'o Im (Z),

N cos fJ p 1 n2 sin 2 fJ Z = 4 n X,,., 2 fJ N
-4nXxx -

N 
� - 4nXu 2 fJ N

' n cos " - - cos c:, n cos .. -
N = Vn2 - sin2 e.

(4) 

(5) 

(6)
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3. The analytic solutions for the second model are presented by solid lines curves for the
angles of incidence 50°, 60°, 70°, 75°. The experimental points (middle points) for silicon
are presented by symbols
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Fig. 4. The analytic solutions for the second model are presented by solid lines curves for the 
angles of incidence 60°, 70°, 75°. The experimental points (middle points) for germanium 
are presented by symbols 
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From (4) and (5) can be obtained (in the first-order approximation in t/A) expres­sions for the ellipsometric angles L1 and ,p as functions of surface roughness. 
,p (t) = ,Po - 2

;
t sin ,Po cos ,Po Im (z),

2n t L1 (t) = L1 0 + T Re (z).

Because for the silicon and germanium refractive index 
n > 1and 

Equs. (7) simplify to2> 
L1 (t) = L'.1 0 -

2;t tg e sin 8 Re (4n X:::),
,p (i) = "Po + 2; t tg e sin e sin "Po cos "Po Im (4nXzz).

(7) 

(8) 

To carry the calculation further, we must assume a particular type of the particles· on the surface. The calculations were made for a sparse distribution of spheres. The values of L1 and ,p obtained from the calc;ulations are given in Figs. 3 and 4 .  The analytic solutions are represented by solid lines, the experimental results by middle points of two series: of measurements (analogous to Figs. 1 and 2). Figs. 3 and 4 show a good fit of the analytic curves to the experimental points. From the previous Refs. 1 •2 •4• 7> and our results the following conclusions can be drawn: the dependence of the measured ellipsometric angles L1 and ,p on surface roughness for silicon and germanium was observed, a good agreement between the analytic curves and the experimetal data was obtained fo.r the second model, and - errors produced by neglecting the roughness of the surface can be relativelylarge for silicon and germanium.
Our resu1ts2> obtained from ellipsometric measurements in the region surface rough­ness 

O < a < 200 A0 

confirm these conclusions. 
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