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ZnS and CuGaS: are materials with a wide range of applications in modern optoelectronics. These materials are used for IR windows
as well as lenses in the thermal band, where multispectral maximum transmission and lowest absorption are required. Precisely
because of these characteristics, extensive and accurate optical research is necessary. This work has developed an ellipsometric
approach for ZnS/GaAs and CuGaS2/GaP film/substrate systems to address direct ellipsometry tasks. The proposed approach enables
us to determine the effects of lattice mismatch on the optical indicatrix of the stressed film being considered through ellipsometric
parameters.
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INTRODUCTION

In modern optoelectronics, ZnS and CuGaS2 materials are widely used for IR windows, as well as lenses in the
thermal band, where multispectral maximum transmission and lowest absorption are required. It is these properties that
require extensive and precise optical studies of the materials.

In recent two decades ellipsometric approach has gained a worldwide recognition as the most correct approach for
description of light wave [1-5]. The ellipsometry method accurately studies the optical parameters of multilayer systems
both theoretically and experimentally. At the same time, it can provide extensive information about the optical
parameters of two different liquids [6-8]. Applications of are nowadays very numerous and are spread out from in-sity
control in planar technologies to precise determination of optical function of solids. Ellipsometry is well known as one
of the powerful methods to control thin film and surface parameters [9-12]. A huge variety of problems which are or
could be solved by ellipsometric study is very persuasive and has provoked our present trial to explore a possibility of
ellipsometric investigation of the photo-elastic effect which should take place in thin film/substrate systems because of
lattice mismatch.

In this work ellipsometric approach have been developed for ZnS/GaAs and CuGaS,/GaP film/substrate systems
to solve direct ellipsometry task. The proposed approach allows to finding through ellipsometric parameters the lattice
mismatch effect on optical indicatrix of the considered stressed film.

1. PHOTOELASTIC EFFECT IN STRESSED FILM
The photoelastic effect due to stress (t) or deformation (r) which corresponds to this stress is written in matrix
form as

Anjj = it = PijkiTi, in tensor form, Anm = Tmntn = Prnln

where T, = ik, 1 = 1,2,3; Tt = 2, 0 = 4,5,6; and pmn = Pijki, 1 = 1,2,3; pmn = 2piu, 1 =4,5,6. Here A is the change of
the polarization constant N, due to stress or deformation, mm, and pmn are the piezooptic and photoelastic coefficients,
correspondingly; t, and r, are the stress and deformation, correspondingly.

To write down the equation of the photoelastic effect in the stressed film it is necessary to know symmetries of the film

and substrate, as well as their orientation. For the sake of certainty, let us consider ZnS (43m)/GaAs((43m)) and

CuGaSy( 42m )/GaAs( 43m ) [13] systems with interface surface perpendicular to [001] direction (z-direction) in both cases.

1.1. ZnS/GaAs system
Before stress, in a coordinate system where z is directed perpendicular to the interface and x and y axes lie in the
plane of interface, the equation for polarization constants in the film can be written as

n (Pty*+z?) =1 (1)

After the stress, t, due to the lattice mismatch is applied along x and y directions, we have
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Taking into account the relationship for 7, [8] and that 1) equals 1/N? (N is the refractive index) and supposing that

everywhere An<<n, we have for optical indicatrix that

24y i
- @)
NZ[I—NZ (p11+p12)rJ N (I_N Plzr)

2

i.e., initially optically isotropic film turned into optically uniaxial film with optical axis C along the normal to the
interface. The ordinary and extraordinary refractive indexes of the last film are

+
N, —N(I—Nz (Pll 2p12)rJ (5)
and
N,=N(1-N’p,r) (5%,
respectively.
1.2. CuGaS2/GaP system

CuGaSe film is a uniaxial film, and the equation for polarization constants before stress can be written as
No(x*+y?)tnez’=1.
Stress induced by the lattice mismatch along x and y and the An; are related as

t t 0 0 0 0
A771 ﬂll ”12 ”13 0 0 0
An, my my my; 00 0
Any my my oy 000 (6)
Ap, 0 0 0 7z, O 0
A7, 0 0 0 0 m, O
A7, 0 0 0 0 0 7z
and
MoH(mitm)tC+ Mo+ )ty >+ et (2ms )] 2°=1 ©)
For optical indicatrix we then have
2 2 2
+
- F =1 ®)
(Putpo)r] N (1=N.pyr
NOZ[I—NOZ 11 5 12 j ( 31 )

i.e the film is again uniaxial with the same orientation of the principal axes. However, refractive indexes of ordinary and
extraordinary beams are changed to

=18 L e, 1) ©

2. ELLIPSOMETRIC APPROACH FOR ZnS/GaAs AND CuGaS:/GaP SYSTEMS
In anizotropic systems we have the most general relationship between p- and s- components of the complex
amplitude of the reflected (r) and incident (i) waves [14]
E)=R, E,+ R,E, (10)

sps

E'=R E +R_E (107

spp 557
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Er RSS Ei RYY
= L1

E Ry E’.’ +1
RS 'S E.;

where Rpp/Rss, Rps/Rss and Rsp/Rss are the relative coefficients of reflection, which we have to be determine by
solving Wave Equation [9]

or

AE-graddivE+(2m/2.)?D=0. (12)

It follows from section 1 (see 1.1 and 1.2) that we shall consider an isotropic substrate and a uniaxial film on, with
the same z axis for the film and film/substrate system. It follows from Eq. (12) that in this case the x- and y-
components of the electrical vector obey the following equations:

2 2 aZE 2
gea—Ef+8o (21) g —k}|E =0, ,and —*+ (2—”j g —kl |E =0. (13)
0z A 0z A ’

Where, ky=const= (2n/A)sing, and £,=(n.-ik,)? and e.=(n.-ik.)* are the complex diagonal components of the dielectric
function tensor. Now let us consider s-component of the incident wave. In this case Ey=Es;Ex=Ez=0; Hy=0. Using the
Abbeles method, from solutions of the Eq. (8) the following matrix of tangential components of electric and magnetic
field can be constructed:

T

MS(O,d)Z[ stz | 8o (14)

52170522 &[eﬂ@, ) :Il[eftﬁn +euz,]
2 2

where &, 2277[62’1[80 —sin’¢ and g, =4/, —sin’¢.

Now tangential components in the interfaces between the film and ambient and between the film and substrate can

be connected through matrix
g? 0)= i ( ) =M (0,d S( ) 15

Hereafter let us distinguish between thick and thin substrate. In the thick or absorptive substrate, we have no
waves reflected from the interface between substrate and ambient and this case, as it will be seen afterwards,
corresponds to the situation in ZnS/GaAs system. In the thin substrate, we have waves reflected from its bottom
boundary and this will modify the total reflected field. (This case will correspond to the experimental situation in
CuGaS,/GaP system).

2.1. Thick substrate

R = —(my, +gm.v22)+gsub (msll +8my, ) oA (16)

. (m.v21 _gmsZZ)_gsub (m.vll _gmsll)

g= COS¢9 and gxub = Vgsub _Sinz ¢ : (17)

2.2. Thin substrate

where:

In this case Ry will be given by the relation (9)

M, (0,d,, +d) =[’"S“ "
m

sub
521

SIZJZM(dsub’d)M(O’dsub)' (18)
ms22

Here M (dsup,d) is the same as matrix (14), matrix (0, dsw) has the form similar to that of matrix (14) in which &y and go
must be replaced by s, and gsu, respectively, i.e.
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Where 5Su/7 = Tdsub gsub —sm ¢ and gsub = gsub —Ssin ¢

Similary to R it is easy to show that Ry, can be written in both cases (thin and thick substrate) so as it is shown in
the next subsection.

2.3. Thick substrate
_ gsub

_(mpZI _gmpZZ) (mpll _gmpl2)
R — sub e*2ik:d (20)

w (mpm +gmp22)+gsub

M, (0,d)= , 1)

, :27”51 W and g, = Se—{?jsinzcb (22)

2.4. Thin substrate

where,

In this case Mp(dsuw,d) equals

Ir . ; £ . .
_[e—l&m + ela.suh :I _ _Zsub [e—u?mh _ eleub :|
2 2gxub
MP (0’ dsub ) = g 5 5 1 5 S (23)
_ Ssub e—i oub ei b - e_i sub ei sub
e I ey
The ratio of gsuw/€su must be replaced by g=cos@. The coefficients m can then be obtained from
m m
Ml’ (O’dxub +d) :[ N plzJ:M‘” (dSu/nd)Ml’ (O’dS“b) : (24)
M, Myy

3. DIRECT ELLIPSOMETRY TASK FOR ZnS/GaAs AND CuGaS:/GaP

Direct ellipsometry task implies a computation of ellipsometric angles y and A of the system under consideration
using analytic expressions obtained in Section 2. Our main target is the photoelastic effect in stressed film/substrate
system. To calculate the magnitude of the effect in y-and A-units we will do the following. First, we will calculate
and A for unstressed film/substrate systems at different thicknesses of the film d. After that we will calculate y and A
for stressed film/substrate system with above values of the thicknesses and different values (pmat, r is known) of the
photoelastic effect. In both cases we will constract A=f(y) dependencies and will estimate the smallest value of the
photoelastic effect, which we are still be able to detect.

3.1. Unstressed ZnS/GaAs system
ZnS/GaAs system presents an isotropic film/substrate system for which the principal equation of the ellipsometry
(tanye'*=R,/R;) is very well known and given by

28, -2id, 26, -2i6,
w_Tu,te ey, I+e ey, hy
tany Xe" = X > (25)

26, -2if 26, -2if
I+e e To1pT12p Tos T € e Nag
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Let us select the experimental wavelength in region where sensitivity of a Jobin-Ivon spectroscopic ellipsometer is
high and the substrate is absorptive enough to avoid formation of the reflected beam from the bottom boundary of the

substrate.

3.2. Unstressed CuGaS:/GaP system
There exists a possibility to simplify the problem by selecting the experimental wavelength at A=6400 A where
No=N. (isotropic point) and uniaxial optical idicatrix turns into sphere. It is easy to show that in this case,

26 me i, film 28 g (6 Zﬁlm &Y —2i( 5 film 4 by
t % A _ rO]p te € rin te e ’E)lprinVZSp te e r23p %
any xXe = 260 _2im 28 s 288y 2i(8 45
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The other coefficients are given by

’ [ )

sm —Sin —COS

r23p = \] sub cos ¢ / 1- + V sub cos ¢ r 25— ¢ ¢
gsub sub \ 8 - Sln ¢ + Ccos ¢

film(sub) __ \/Eﬂ. 2 2  film(sub) __ \/Eﬂ- 2 2
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3.3. Selection of experimental angle of incidence
The change of polarization angles due to the change of the dielectric constant of the film is observable if the

following conditions is fulfilled:

5y/min é‘n(/%:: min aa_l// - 5Wel > 0 ’
film
and
A =lon® [ s |50 27)
min /‘ Im,min a el
film

Where 8% are the minimal value of the change of the dielectric constant of the film,dy / dn m and OA/0n,, =~ are

film min

the first derivatives, dye and dA. are the threshold sensitivities of the employed ellipsometer. As seen from Fig.1, the
optimum sensitivity for ¢ and A is attained at around pseudo-Brewster angle for all considered systems. It is natural
(Fig.1) that the higher the film thickness the larger response of the ellipsometric angles is.
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Figure 1. First derivatives of the ellipsometric parameters as function of incidence angle ¢ at various film thicknesses d

3.4. ZnS/GaAs after stress
It follows from Sections 2.3 and 2.4 that after stress the principal ellipsometry equation can be rewritten as

(cosqﬁ—g“‘bjcosé' +{g“‘b e—g"Jsiné'e (cos¢§+gm)cosé‘0+i[g0 gs“bjsmé'

X E
tan '//etA sub sub ge e % gO
g 8us & , 8 Qs | s (28)
cos@+ =" |cos O, +i| =M Ly 8 sind, (cosg—g,,)cosd, +i| g,—=*> |sind,
sub Sub ge ge 0
Here
2 ;
50:7”518” {8 (8 ]sm $,0,= /1 d\€, —sin’ @, (29)
. E
and
putp
£ = n?ilm (l_n;lmpnreff )2 s, &= n?ilm (1_”;1»« - > 2 e/r') . (30)

In similar way the principal ellipsometry equation is obtained for a stressed CuGaS,/GaP system.

4. CONCLUSIONS

The ellipsometric description of the lattice parameter mismatch effect consists of the results of solving the
ellipsometric straight problem for ZnS/GaAs and CuGaS,/GaP semiconductor systems. The photoelastic effect resulting
from the elastic deformation of materials with different lattice parameters in contact with each other (at the atomic
level) is described in this work. The thicknesses of dislocation-free layers in which the photoelastic effect is observed
due to the mismatch of the lattice parameters (pure photoelastic effect occurs only in such layers due to the mismatch of
the lattice parameters) were evaluated. Amplitude coefficients of reflection from (ZnS/GaAs or CuGaS,/InP) internal
boundary and (vacuum/ZnS or CuGaS;) external boundary were determined. The relationship between the optical
anisotropy and the optical parameters of the initially isotropic ZnS layer after straining was studied in detail.
Analogously, the relationship between the new value of the optical anisotropy of the CuGaS; layer, which was initially
uniaxial, but retained the uniaxial character of the optical anisotropy even after applying the voltage, and the variable
parameters of the system was found. The calculated photoelastic effect and its dependence on the thickness of the layers
are given in the ellipsometric image, which is more convenient for conducting an ellipsometric experiment.
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ONTHYHI JOCJILIKEHHSA CUCTEM ZnS/GaAs TA CuGaS2/GaP
X.H. AxmagoBa®><, M.A. Mycaes®, H.H. Xamimosa®
“Incmumym ¢hizuxu Minicmepcmea nayku i oceimu Asepbatioscancekoi Pecnybnixu, baxy, AZ-1143, Azepbaiiosncan
b Azepbatiosncancokutl depoicasnuil yuisepcumem nagpmu ma npomucnogocmi, baxy, AZ-1010, Azepbaiioscan
“Xazapcokuii ynieepcumem, baxy, AZ 1096, Azepbatioxcan

ZnS i CuGaS; € maTepialaMu 3 LIMPOKUM CIIEKTPOM 3aCTOCYBaHHS B CydacHii onroenekrpoHiui. i MaTepiann BUKOPUCTOBYIOTHCS
1uist [Y-BiKOH, a TaKOX 14 JIIH3 Y TEIUIOBOMY Jlialla3oHi, Ae noTpibHe 6araTocnekTpaibHe MaKCHMAIIbHE POITyCKaHHS Ta HaliMeHIIe
norivHanHg. Came depe3 I XapaKTEepUCTHKHM HEOoOXifHi OOUIMPHI Ta TOYHI ONTHUYHI AOCHiIKEeHHs. Y wii po6oTi po3pobiieHo
eNITICOMETPUYHUN MiAXid i cucTeM ImmiBKa/migkmanka ZnS/GaAs i CuGaSy/GaP nnst BupimeHHS 3aBAaHb HPSAMOI eTincoMeTpii.
3anponoHOBaHUK MiAXiM MO3BOJSE HYEpe3 ENIICOMETPHYHI MapaMeTpH BHU3HAYUTU BIUTUB HEY3TODKEHOCTI IPaT Ha ONTHYHY
IHIMKATPUCYy HANpPY>KEHOI IUIiBKH.

KuarouoBi cnoBa: neyszeoooicenicmo pewiimku, mouxa niisxa; enincomempis



