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A n i ter ati ve pr ocedure of calculatio n of reÛectiviti es and trans missio n
coe£cients of li ght rays for an unia xial Ùlm with a lapse rate of an index
of ref raction on a uniaxial substrate w as gained by orienting the axis of

anisotropy along the normal to the b oundary . With its help the dependences
of elli psometri c angles Â and ê for a linear , quadratic, and sine- shaped pro-
Ùles of ref ractive indices of a uniaxial immersing Ùlm w ith optic axis oriented

along the normal to the boundary w ere analy zed. T he dep endences of angles
Â and ê on quantity of an upta ke and anisotropy of the Ùlm were also ex-
amined. The numerical modellin g for Zn O Ùlms and Langmuir { Blo dgett- li ke
Ùlms on a melted quartz w as carried out, and this allow ed to draw conclu-

sions of practical imp ortance for the ellip sometri c investigations of the Ùlm
structures.

PAC S numb ers: 78.20.{e, 44.30.+ v

1. I n t rod uct io n

The m odern techno logy of producti on of thi n-Ùlm m ateri als for micro elec-
tro nics and integ rated opti cs sets great demands to the properti es of created struc-
tures and m etho ds of contro l l ing them [1]. One of perspective m etho ds of contro l -
l ing is el lipsometry [2, 3], pro vi ding great accuracy of m easurements and al lowi ng
to held investigati ons of Ùlm system s duri ng thei r pro ducti on ( i n si t u ) [ 3 ] . No wa-
days ani sotro pi c Ùlm s, wi dely used in di ˜erent opti cal and acoustoelectronic [4]
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devi ces, are of great interest. For e˜ecti ve contro l of ani sotro pi c layered structures
the kno wl edge of dependences of el lipsometri c angles Â and ê on param eters of
the Ùlm and substra te, such as compl ex indi ces of refracti on N o, N e, the angles of
ori enta ti on of opti cal axes ' ; È to boundary are requi red. Thus param eters of the
Ùlm and the substra tes in the m ain case are f uncti ons of coordi nates. In parti cul ar,
Ùlm refracti ve indi ces and ori entati on of opti cal axi s depend on the thi ckness of
the Ùlm .

The purp ose of the given paper is the developm ent of a lgori thm s for Ùnding
the ell ipsom etri c angles of uni axi al imm ersing Ùlms for arbi tra ry gradients of re-
fracti ve indi ces, stati ng the dependences between them for di ˜erent thi cknesses of
Ùlms and the analysis of opp ortuni ti es of deÙniti on of refracti ve index gradients
on ell ipsometri c m easurements.

2. T heor y

W hen modell ing reÛection and tra nsmission of a plane electrom agneti c wa ve
on a boundary of media wi th gradients of refracti ve index, the m etho d of divi ding
of a non-hom ogeneous m edium into hom ogeneous Ûat layers is used. Let us consider
som e concepts at reÛection of l ight on a plane boundary of semi-inÙni te anisotro pic
m edia and at reÛection f rom an anisotro pic layer.

In the el l ipsometry of anisotro pic m edia reÛection and refracti on of l ight
on the plane bounda ry of semi-inÙni te m edia can be characteri zed by matri ces of
reÛection R and tra nsmission T . Let us im agine tha t an electro magneti c wave hav-
ing two ortho gonal ly related components of compl ex ampl i tudes (A p , A s ) (Fi g. 1a)
im pinges on a plane boundary isotro pic medium À uni axi al crysta l wi th com plex
ref racti ve indi ces N 1o = N 1e = N 1 and N 2o ; N 2e, respecti vely, under angle ˜ .
Co mponent A p i s situa ted on the plane of incidence of the wave, and com ponent
A s i s perpendicul ar to the pl anes of inci dence. In a uni axi al crysta l there ari se or-
di nary and extra ordi nary wa ves wi th ampl itudes A o , A e respectivel y, tha t have in
the general case arbi tra ry ori enta ti on concerni ng the pl ane of inci dence. The Ùeld
of reÛected (A 0

p , A 0

s) and past (A e, A o ) wa ves at arbi tra ry ori enta ti on of opti cal
axes of the Ùlm and of the substra te are f eatured by 2 È 2 matri ces of reÛection
and tra nsmission [2]:

˚
A 0

p

A 0

s

Ç

= R

˚
A p

A s

Ç

;
A e

A o
= T

A p

A s
;

where

R =
R pp R ps

R sp R ss
; T =

T ep T es

T op To s
: (1)

The di agonal elements R pp ss of reÛection m atri x R characteri ze the tra nsform ati on
of p- and s-polari zed radiati on of the sam e typ e, and non-diagonal R ps sp | the
tra nsform ati on of s-polarized wa ve to p-polari zed and back. For the tra nsmission
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m atri x T elements T ep , T es characteri ze the tra nsform ati on of p- and s-polarized
wa ves to extra ordi nary , and elements Top , To s characteri ze the tra nsform ati on of
p- and s-polari zed wa ves to an ordi nary wa ve.

Fig. 1. (a) The reÛection of light on the isotropic medium{unia xi al crystal boundary:

˜ | angle of inciden ce, ' | the angle b etw een optical axis c and the normal to the

b oundary q; È | azimuthal angle measured from the normal to the plane of incidence,

m , m 0 | vectors of ref raction of inciden t and reÛected w aves; A p ; s , A 0

p ; | complex

amplitud es of incident and reÛected w aves, respectively , p | corresp onds to parallel , s |

to p erp endicu lar comp onent to the plane of incidence, A , A | complex amplitudes of

past ordinary and extraordinary w aves in a uniaxial chip. (b) Lateral view s of refractive

index of non- homogeneous Ùlm, deÙned by Eqs. (7). The curves (7a){(7d) corresp ond

to a lateral view of refractive index of the anisotropi c Ùlm.

Thus the basic equati on of reÛective ell ipsom etry for the bounda ry of two
m edia looks l ike thi s [2]:

£ = ta n( ê ) ei
=

£ R pp + R ps

R ss + £ R sp
; (2)

where Â and ê | ell ipsom etri c angles tha t are measured experim enta l ly. Here
£ = A p =A s | polari zati on rela ti on for the incident wave. In experim ents one
usual ly ta kes A p = A s and then £ = 1 :

The case when the opti c axi s of the second m edium is di rected along the
norm al to the boundary [5] represents the practi cal concern. In thi s case the m a-
tri cesof reÛection R and tra nsmission T have a diagonal vi ew (R ps = R sp = T es =

T op = 0, R pp = R p, R ss = R s , Tep = T p , Tos = T s) , and the basic equati on of
el lipsometry at £ = A p =A s = 1 wi l l look l ike

£ = ta n( ê ) ei
=

R p

R s
: (3)
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Let us consider single-layer system , in whi ch N 1o = N 1e = N 1 ; N 2o( x ) ;

N 2e( x ) ; N 3o ; N 3e are compl ex indi ces of refracti on of ordi nary (o) and extra or-
di nary (e) wa ves of envi ronm ent, Ùlm, and substra te, respectivel y. The indi ces of
ref racti on of Ùlm N 2o ( x ) ; N 2e( x ) depend on the thi ckness of the expl ored Ùlm
(Fi g. 1b).

For a homogeneous Ùlm (N 2o( x ) = const, N 2e( x ) = const) wi th arbi tra ry
ori enta ti on of opti cal axi s along the boundary , the reÛectivi ti es and tra nsmissions
can be wri tten in a m atri x form [2]:

R = R (1 2 ) + T (2 1 ) R (2 3 )
±

1 + X (2 1 ) R (2 1 ) X (2 3 ) R (2 3 )
²

À

T ;

T = T X T 1 + X R X R T ; (4)

where R ; R ; R | reÛection m atri ces on bounda ry a ir { Ùlm, Ùlm { ai r,
and Ùlm{ substra te, respecti vely, T ; T ; T | tra nsmission matri ces on
bounda ry ai r{ Ùlm , Ùlm{ air, and Ùlm { substra te, respectively ; X ; X | phase
pro gression m atri cesof wa ves in an anisotro pic layer at the m oti on from bounda ry
ai r{ Ùlm to boundary Ùlm { substra te and back, respectivel y.

The case when opti cal axes of the Ùlm and the substra te are ori ented along
the norm al to the boundary represents the practi cal concern. In thi s case the
expressions f or reÛectivi ti es and tra nsmissions are considerabl y sim pl iÙed [6]:

R p s =
r p s + r p s X p s

1 + r p s r p s X 2
p s

; T p s =
(1 + r p s )(1 + r p s )X p s

1 + r p s r p s X 2
p s

; (4a)

where R
12

p s , r
23

p s | reÛectivi ti es of p- and s-polari zed wa ves on the bounda ry
ai r{ Ùlm and Ùlm { substra te, respectivel y, X p s = exp( 2i¤ ² o ed =ÑN ) | phase
pro gression of electrom agneti c wa ves on thi ckness of the Ùlm, Ñ | wa velength in
ai r, d | the thi ckness of the Ùlm.

The reÛectivi ti es r p s ( i; j = 1 ; 2 ; 3 ) are equal to

r p =
N o ² e N o ² e

N o ² e + N o ² e
; r s =

² o ² o

² o + ² o
: (5)

Here ² o = ( N o ¿ ) ; ² e = (N o N o ¿ =N e ) ; ¿ = N cos( ˜ ) | norm al
and ta ngenti al components of ref racti on vecto rs [7] of ordi nary and extra ordi nary
wa ves in the Ùlm.

No w we shal l tra nsfer to vi ewing a non-homogeneous uni axi al Ùlm , who se op-
ti cal axi s is di rected along the norm al to the bounda ry, on an isotro pic substra te.
Such system s are typi cal at m anuf acturi ng of organi c Ùlm s such as Langmuir{
Bl odgett typ e [6]. For non-homogeneous Ùlm , as fol lows from expressions (4a), the
reÛectivi ty depends on thi ckness of the Ùlm: R p s = R p s( d ) . Unf ortuna tel y, i t was
im possibl e to receive analyti cal expression for reÛectivi ti es of non-homogeneous
Ùlms. Theref ore we wi l l use the fol lowing operati ons for Ùndi ng the reÛectivi ti es:
let us divi de a non-homogeneous layer d into k equal parts so tha t it is possible
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to consider each of parti al layers as homogeneous. Thus on the basis of expres-
sions (4a) we shal l make an i tera ti ve pro cedure perm i tti ng to Ùnd reÛectivi ti es of
system of k hom ogeneous lay ers

R ( j )
p ; s =

r
( j ; j +1 )
p ; s + R

( j +1 )
p ;s (X

( j +1 )
p ;s ) 2

1 + r
( j ; j
p ;s R

j
p ;s ( X

j
p ;s )

; T j
p ; s =

(1 + r
j ; j

p ;s ) T
j

p ;s X
j

p ; s

1 + r
j ; j

p ;s R
j

p ;s ( X
j

p ; s )
: (6)

Here j = k 1 ; k 2 . . . , 2, 1 is the num ber of vi ewed bounda ry of parti al layers.
The calcul ati ons start for the boundary of the k -th parti a l layer and the substra te.
The obta ined reÛectivi ty R

k
p ;s at j = k 1 corresponds to reÛection from the

k -th parti a l layer on the substra te, r
k ; k

p ; s | reÛectivi ty on the bounda ry of
( k 1 ) -th parti al layer and k - th parti al layer. The obta ined reÛectivi ty R

k
p ;s wi l l

be used for calcul ati on of reÛectivi ty R
k

p ;s of a system of two parti al lay ers on the
substra te, etc. At j = 1 on the basis of the i tera ti ve pro cedure (6) the reÛecti vi ty
R p ; s = R

0
p ;s of the system of k parti al layers, tha t is reÛecti vi ty from non-hom ogene-

ous layered system wi l l be calcula ted. The calcul ati ons of tra nsmission T p ; s = T
0

p ;s

for non-homogeneous system are sim i lar.
The obta ined i tera ti ve pro cedure at great values of k al lows to Ùnd elements

of m atri ces of reÛection (1) and wi th thei r help on the base of m ajor equati on of
el lipsometry (2) to deÙne ell ipsometri c param eters Â and ê of a non-homogeneous
ani sotro pi c layer on the substra te. Let us also noti ce tha t expressions (4a){ (6) are
to be used onl y for the special case of orienta ti on of opti cal axi s along the norm al
to the boundary , when m atri ces of reÛection and the tra nsmission are di agonal.
In the general case i t is necessary to use matri x recursi ons relati ons on the basis
of expression (4), and to discover reÛectivi ti es and tra nsmissions on the bounda ry
of parti al layers on the basis of the bounda ry probl em soluti on f or anisotro pic
m edia [7].

W hi le examini ng anisotro pic non-hom ogeneous Ùlms we were interested in
the inÛuence of three factors on Â ê di agrams:

a) typ e of the inhom ogeneity of the Ùlm;
b) absorba nce of the Ùlm;
c) degree of ani sotro py of the Ùlm .
It was shown f or isotro pic non-homogeneous tra nsparent Ùlm s [8] tha t the

l inear gradient of refracti ve index essential ly inÛuences Â ê diagram s,constructe d
depending on the thi ckness of the Ùlm .

Let us use the i tera ti ve pro cedure (6) for the m odel l ing of dependence of
el lipsometri c angles Â and ê at reÛecting of light on the non-homogeneous Ùlm,
who se opti cal axi s is di rected along the norm al to the boundary . Let us consider
the fol lowing system s: a ZnO Ùlm on the substra te of m elted quartz SiO , and also
a Ùlm of Langmuir{ Bl odgett ' s typ e (LB) on the substra te of m elted quartz SiO ,
whi ch are wi dely appl ied in integ rated opti cs and acousto electroni cs.
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It was supposed tha t the m easurem ents are carri ed out at a wa vel ength Ñ =

6 3 2 : 8 nm for Ùlms, who se thi ckness d i s ranged between 0{ 300 nm . At m odel l ing
the num ber of di ssections reached k = 5 0 wi th the thi ckness of a parti al layer
6 nm . As an envi ronm ent we to ok air (N 1 = N 1o = N 1e = ( 1:000; 0:000)) , and
as a substra te | m elted quartz (N 3o = N 3e = (1:460; 0:000) ). The change of
the Ùlm refracti ve indi ces depending on the thi ckness was ta ken not greater tha n
3%. Let us supp ose tha t duri ng cul ti v atio n of the Ùlm , ref racti ve indi ces on the
bounda ry wi th the substra te have values N

( 2 )
2o , N

( 2 )
2e , and on the boundary wi th the

surro undi ng medium N
( 1 )
2o , N

( 1 )
2e . Then on the ai r{ Ùlm bounda ry for ZnO we to ok

the values N
( 1 )

2o = ( 1:990; 0:000) , N
1

2 e = ( 2:067; 0:000) , and N
1

2o = ( 1:470; 0:000),

N
1

2e = ( 1:490; 0:000) [9] for the La ngm uir{ Bl odgett' s Ùlm. On the Ùlm{ substra te

bounda ry for ZnO we to ok the values N
2

2o = ( 2:050; 0:000) , N
2

2e = ( 2:129; 0:000),

and for the Langmui r Bl odgett' s Ùlm N
2

2o = ( 1:514; 0:000) , N
2

2e = ( 1:524; 0:000)

were ta ken. The im aginary part in a com plex refracti ve index corresponded to an
absorpti on index.

3.1. Mo dell ing for di ˜erent types of non-homogenei ty of t he Ùlm

Let us set the laws of changing of the Ùlm refracti ve indi ces in the fol lowi ng
wa y (Fi g. 1b):

N (x ) = N = const ; i = ( e; o) ; (7a)

N (x ) = N + ( N N ) x = d ; i = ( e; o ) ; (7b)

N (x ) = N + ( N N )( x =d ) ; i = ( e; o) ; (7c)

N (x ) = 0 : 5 ( N + N ) ( N N ) cos(1 :5 ¤ x =d ) ; i = ( e; o) : (7d)

Here x i s the distance from the border of the Ùlm to the surro undi ng m edium ,
0 x d :

The expression (7a) corresp onds to a hom ogeneous Ùlm , (7b) | to the l inear
increase in indi cesof ref racti on of the Ùlm from N up to N , (7c) | quadra ti c,
(7d) | periodi cal change on thi ckness of the Ùlm.

The results of calcul ati ons of ell ipsom etri c quanti ti esat the angleof inci dence
˜ = 5 0 are given in Fi g. 2: (a) for a ZnO Ùlm , (b) for an LB Ùlm. The num erical
m odel l ing shows tha t for Ùlm s wi th the indi ces of refracti on considerably di ˜erent
from the substra te ref racti ve index (Fi g. 2a), it is impossible to reveal the typ e
of non-homogeneity of the Ùlm | the curves of di ˜erent typ es of gradi ent are
cl ose to each other. Let us also noti ce tha t for anisotro pic Ùlms varyi ng f rom
isotro pic (N 2o = N 2e) Â ê di agrams have spira l vi ew wi th self-crossings, i .e. tha t
wi th increase in thi ckness of the Ùlm there is no recurre nce of ell ipsom etri c angles
depending on the thi ckness of the Ùlm .
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Fig. 2. Dep endences of ellipsometri c angles Â and ê on the w idth d of the Ùlm

(0{300 nm). A ngle of incidence ˜ = 50
£ . T he curves calculated w ith Eqs. (7a){(7d)

corresp ond to a lateral view of ref ractive index of the anisotropi c Ùlm: (a) ZnO Ùlm;

(b) LB Ùlm.

For Ùlms wi th indi ces of ref racti on cl ose to the index of ref racti on of the
substra te, the change of Ùlm refracti ve index caused by thi ckness change leads to
considerable changes of ell ipsom etri c angles. Fi gure 2b shows tha t for a homoge-
neous Ùlm the changes of angles Â and ê are negligibl e (curve 1), whi le for Ùlms
wi th lapse rates of ref racti ve indi ces they can m ake up to ten degrees. Thus for
Ùlms wi th periodical ly varyi ng indi ces of refracti on, spi rals wi th self-crossings are
bri ghtl y expressed. The spira l dependence is characteri sti c of imm ersing Ùlm sys-
tem s [5], but a self-crossing of curves is possibl e onl y i f there is a lapse rate of
index of ref racti on. The calcul ati ons show tha t for Ùlm s wi th indi ces of refracti on
cl ose to index of refracti on of the substra te, the di ˜erences of ell ipsom etri c angles
on Â À ê di agrams, whi ch can be experim enta l ly measured, start to be vi sibl e f rom
thi cknesses of appro xi matel y 10{ 20 nm . It al lows to devel op soluti ons of inverse
pro blems of ell ipsom etry for non-hom ogeneous layers and to deÙne the typ e of the
lapse rate of the Ùlm ref racti ve index.

It is evident tha t the largest inform atio n about the quanti ty of a non-hom oge-
nei ty of the Ùlm can be obta ined at condi ti ons, when the inÛuence of the substra te
on ell ipsom etri c angles is reduced to mini mum. Theref ore the greatest inf orm ati on
about the Ùlm can be obta ined at angles of inci dence cl ose to the Brewster angle.
If the substra te represents a uni axi al chip wi th indices of refracti on N 3o, N 3e and
wi th opti cal axi s ori ented along the norm al to the bounda ry, then the Brewster
angle f or the uni axi al chi p{ uni axia l chip boundary is deÙned by the form ula

sin (˜ B r ) =
N e2N e3

N o2

s
N 2

o3 À N 2
o2

N 2
o3N 2

e3 À N o2 N 2
e2

: (8)

For an air{ isotro pic substra te system we easily gain the kno wn expression

sin (˜ Br ) =
N

1 + N
;
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from whi ch we Ùnd ˜ Br = 55£ ; 95 f or the ai r{ melted quartz system .
No w we ta ke Ùlm s wi th indi ces of refracti on close to the index of refracti on

of a substra te. As can be seen f rom Fi g. 3, in such cases the responsiveness of
m easurements of ell ipsom etri c parameters is the largest f or angles close to the
Brewster angle. For angles greater tha n ˜ Br , the reÛectivi ty R p changes the phase
into 1 8 0 £ , theref ore curves on the di agram are of di ˜erent typ e, tra nsferring f rom
cl osed to uncl osed.

Fig. 3. Dep endences of ellipsometri c angles Â and ê on the w idth d of the Ùlm

(0{300 nm) for a linear change of refractive index at di˜erent angles of incidence: (a) ZnO

Ùlm; (b) LB Ùlm.

3.2. Mo del li ng for di ˜erent upt ake degree of t he Ùlm and for a di ˜erent degree
of the Ùlm ani sotropy

Further we wi l l exam ine the Ùlm s such as LB typ e, wi th refracti ons close to
ref racti on of the substra te. W e wi l l be restri cted to m odel l ing of layered system s
wi th a l inear dependence of ref racti ve index of (7b) typ e and we wi l l consi der the
inÛuence of absorpti on and anisotro py of the Ùlm on el l ipsometri c angles Â and
ê . The results of modell ing, dependi ng on an upta ke of the Ùlm are represented
in Fi gs. 4a, b and the ones depending on the degree of the Ùlm anisotro py | in
Fi g. 5a, b.

The absorpti on to occurrence of spi ral dependences, and the tendency of
increasing the to ta l ampl i tude of the spi ral on Â À ê di agram wi th increase in ab-
sorpti on can be observed. At smal l absorpti on the curves are nearly closed curves,
but wi th increase in the coe£ ci ent of absorpti on the spi ra l- l ike dependences wi th
self-crossing occur. A self-cro ssing is an idiosyncra sy of uni axi al non-homogeneous
Ùlms. For angles of inci dence greater tha n the Brewster angle (˜ = 6 0 £ , Fi g. 4a)
the sizesof the spi ral wi l l increase monoto nical ly . The absorpti on essential ly inÛu-
ences the dependences at an absorpti on coe£ cient > 0 : 0 1 . Thus the positi on and
the tota l ampl i tude of the curve for an imm ersing Ùlm di ˜ers from a tra nsparent
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Fig. 4. Dep endences of ellips ometric angles Â and ê on the width d of the

Ùlm (0{300 nm) for linear change of ref ractive index of an LB Ùlm at di˜er-

ent coe£cients of absorption of the Ùlm. C urves: 1 | Im( N 2o ) = I m( N 2 e ) =

0 : 000; 2 | Im( N 2o ) = I m N 0: 001; | Im( N Im N 0 :010; |

I m( N Im N 0 :100. A ngles of incidence: (a) ˜ ; (b) ˜ .

Fig. 5. Dep endences of ellipsometri c angles Â and ê on the w idth d of the Ùlm

(0{300 nm) for linear change of index of refraction of an LB Ùlm at di˜erent coe£-

cients of an uptake of the Ùlm. Curves: | %; | %;

| %; | %; | %. A ngles of incidence: (a)

˜ , (b) ˜ .

Ùlm on quanti ti es, whi ch can be experim enta l ly m easured. Ho wever for angles of
inci dence smal ler tha n the Brewster angle ˜ ( ˜ = 5 0 , Fi g. 4b) the anom aly
app ears. Fi rst, the to ta l am pl i tude of the curve on the diagram decreases, and
then i t increases. Thi s behavi our of the curve can be expl ained by com peti ti on
of ani sotro py and absorpti on. The existence of the anisotro py of the Ùlm cancels
the increase in ell ipsom etri c angles at parti cul ar quanti ti es of absorpti on. Sec-
ond, the absorpti on starts to predom inate and inÛuences the vi ew of the di agrams
m ore essential ly. It m eans tha t at an experim enta l research of non-homogeneous
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ani sotro pi c im mersing Ùlm s the upta ke in the Ùlm wi l l be seen Ùrst of al l .
In Fi gs. 5a, b the dependences of ell ipsometri c angles for di ˜erent coe£ -

ci ents of anisotro py of the tra nsparent Ùlm such as LB for the l inear lapse rate of
ref racti ve index (7b) are represented. The coe£ cient of ani sotro py of the Ùlm

Â N

N o

=
N e À N o

N o

vari ed from À 2 0% (opti cal ly negati ve uniaxi al Ùlm ) up to +2 0% (opti cal ly positi ve
uni axi al Ùlm ). Thus everywhere in calcula ti ons the ordi nary index of ref racti on on
ai r{ Ùlm boundary N

( 1 )

2o = ( 1:470; 0:000) wa s ta ken, and on Ùlm { substra te bound-

ary N
( 2 )
2o = ( 1:514; 0:000) , i .e. tha t the coe£ cient of the lapse rate wa s 3%. For an

angle of incidence ˜ = 6 0 £ (Fi g. 5a) wi th the change of anisotro py from { 20% up
to +2 0% the tra nsi ti on from unl ocked curves to closed happens, and also changes
the protub erance of the curves. The vi ew of curves is simi lar to calcul ated in [8] for
di ˜erent coe£ cients of the Ùlm gradient, however in thi s case the reason of change
of vi ew of curves on Â À ê diagram is anisotro py. For an angle of incidence smal ler
tha n the Brewster angle ( ˜ = 5 0 £ , Fi g. 5b) for opti cal ly negati ve Ùlms the closed
curves can be observed. W i th the decrease in anisotro py the to ta l am pl itude of
curves decreases, and at

Â N

N o
=

N e À N o

N o
= 0

i t does not exceed 0 : 5 £ . For opti cal ly positi ve Ùlms an increase in ani sotro py leads to
a tra nsiti on from closed to unl ocked curves in Â À ê di agram. Thus, the ani sotro py
of the Ùlm m akesa great contri buti on to elipsom etri c param eters, simi lar to contri -
buti on of the gradient of the Ùlm refracti ve index. Hence, in order to di ˜erenti ate
between the anisotro pic and isotro pic contri buti ons to the composite character of
the diagram s, whi ch are obta ined in course of ell ipsometri c investigati ons of the
Ùlms structures, duri ng the pro cess of thei r growth, the addi ti onal investigatio ns
are requi red.

4. Co n clu si on

On the base of the obta ined i tera ti ve form ula for calcul ati on of reÛectivi ti es
from system \ a non-homogeneous uni axi al Ùlm on a uni axi al substra te wi th opti cal
axi s, di rected along the norm al to the bounda ry " and num erical m odel l ing of
system i t is possible to m ake the fol lowi ng conclusi ons:

¯ the non-homogeneity of the Ùlm is in the best way shown for refracti ve index
close to tha t of the substra te;

¯ the typ e of non-homogeneity of the Ùlm wi th low refracti ve index gradients
can be determ ined for thi cknessesgreater tha n 20 nm by the form of a curve
on Â À ê di agram;
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¯ the m easurements of ell ipsom etri c param eters are expected to be conducted
at angles of incidence, close to the Brewster angle for the ai r{ substra te sys-
tem ;

¯ the inÛuence of upta ke of ani sotro pi c Ùlm s on el l ipsometri c angles leads to
spi ral dependences wi th self-crossings;

¯ the inÛuence of the coe£ ci ent of anisotro py for Ùlm s wi th low gradi ents of
index of refracti on on elipsom etri c angles is sim i lar to inÛuence of the large
gradi ent of index of refracti on for isotro pic Ùlm s.
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