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Spectroscopic ellipsometric measurements for Ptln-Si samples with different thickness of Pt films 
have been performed. The thickness of the Pt films determined with the three-phase model (air/Pt/ 
Si) changes with the wavelength X while that with the four-phase model (air/Pt/interface layer/Si) 
remains unchanged, showing the existence of an interface layer. At the same time, the apparent 
optical dielectric constants of the interface layer as a function of X are also obtained. A calculation 
based on the effective medium theory is carried out to simulate the optical dielectric data of the 
interface layer. Some structural information of the interface layer is obtained from the 
calculation. 0 1994 American Institute of Physics. 

I. INTRODUCTION 

The electronic properties of metal-semiconductor inter- 
faces offer considerable evidence of their dependence on the 
structural and chemical features of the interfaces.1’2 Any 
physical and chemical changes occurring at the interfaces 
may influence the properties of the Schottky barriers. There 
have been a great deal of efforts attempting to correlate the 
chemical and structural properties of the interfaces with the 
observed Schottky barrier heights.’ The developments in sur- 
face sensitive techniques such as photoemission spectros- 
copy (PES), secondary-ion mass spectroscopy (SIMS), Au- 
ger electron spectroscopy (AES), etc., have led to a more 
complete understanding of the properties. However, it is still 
difficult to investigate nondestructively a narrow interface 
region with a width of between several A and several ten A 
by these techniques, because of the problems of the tech- 
niques’ depth resolution or of the influence of the combined 
ion etching. 

Spectroscopic elhpsometry (SE) is a sensitive nonde- 
structive optical technique.3 In this work, we use this tech- 
nique to investigate metal-semiconductor interfaces. As an 
example, the interface of platinum on chemically clean sili- 
con surface is studied. For some metals such as Pd and Pt, 
the atom intermixing and chemical bonding may occur at the 
metalSi interfaces at room temperature.4-” In addition, for a 
chemically clean Si surface there is a native oxide layer on 
the Si surface. Therefore, an interface layer whose physical 
and chemical properties differ from those of a pure metal 
film and the Si substrate may exist at the Pt-Si interface. The 
present study clearly shows the existence of such an interface 
layer. Meanwhile, the apparent optical dielectric constants of 
the interface layer as a function of the wavelength are also 
obtained in this study. A calculation based on the effective- 
medium theory (EMT) is carried out to simulate the con- 
stants, and thus some useful information of the interface 
structure is obtained. 

II. EXPERIMENTAL 

The substrates used in this study are n-type silicon wa- 
fers of (111) orientation with a doping concentration of 
5X1O’5 crnM3. The wafers are cleaned with ultrasonic treat- 
ment sequentially in acetone, absolute methanol, and de- 

ionized water (20 Ma cm). The wafers are then first put into 
hot H2S04:H204:H20 (1O:l:l) solution for 10 min and then 
rinsed in de-ionized water. Afterward, without drying, the 
wafers are etched in HF:HN03:H20 (3:l:l) solution for an- 
other 1 min, and finally, they are rinsed in de-ionized water. 
The platinum thin films are evaporated onto the surfaces of 
the Si wafers by an electron-beam evaporator in a vacuum of 
-10m6 Torr. In this study, a number of samples with different 
Pt thickness are fabricated under identical conditions, and the 
thickness of the Pt films is in the range of 30-120 A. The 
ellipsometric measurements which yield the values of the 
parameters of V! and A at each wavelength are carried out 
with a spectral ellipsometer of the rotating analyzer type’-” 
in the wavelength range of 3500-6500 A. The measurements 
are performed at room temperature in air. The light source is 
a 75 W Xe lamp, and a monochromatic beam is provided by 
a grating monochromator with a grating of 1200 lines/mm. 
All the spectra are taken at an angle of incidence of 70”. 

Ill. DETERMINATION OF OPTICAL RESPONSE OF 
Pt-SI INTERFACE BY ELLIPSOMETRY 

A. Theory and method 

An ellipsometric measurement determines the phase and 
amplitude of the complex reflectance ratio 

p=R,lR,=tgZI exp(iA), (1) 

where R, and R, are the complex field reflectance for s- and 
p- polarized light (perpendicular to and parallel with the 
plane of incidence), respectively, and tgV and A are the 
standard ellipsometric amplitude and phase parameters.3r7 
For a four-phase system such as the system of air/Pt film/ 
interface layer/Si substrate as shown in Fig. l(a), R, and R, 
can be expressed as 

R,=(r&+R~2X1)/(1+r,“1R~2X1) (a=p,s), 

where 

(2) 

X,=exp 
( 

-i yNldl cos 41 , 
1 

(4) 
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FIG. 1. Proposed models for the Pt/Si system: (a) four-phase model, and (b) 
three-phase model. 

X2=exp 
i 

-i TNLd, cos qb2 . 
1 

The four angles ho, &, &, and 43 between the directions of 
propagation of the plane waves in phase 0 (air), 1 (Pt film), 2 
(interface layer), and 3 (Si substrate), respectively, and the 
normal to the phase boundaries are related by Snell’s law 

No sin 40=N1 sin 41=N2 sin &=hrs sin 43. (6) 
In the above equations, A is the free-space wavelength of 
light; Nj=nj-ikj (j=O,1,2,3) is the complex refractive 
index of the jth phase [see Fig. l(a)] where n is the refractive 
index and k is the extinction coefficient (note that in the 
present study the refractive index and extinction coefficient 
of air are taken as no= 1 and k,=O); rz (j, 1 =O, 1,2,3, and 
j < 1) is the Fresnel complex-amplitude reflection coefficient 
for a- (a=~, s) polarized light at the interface between the 
jth phase and the Zth phase7; d, is the thickness of the Pt film 
and d2 is the thickness of the interface layer. If d2=0, then 
the four-phase system is reduced to a three-phase system as 
shown in Fig. l(b) with Rr2=ry3 (u=p, s). 

For the four-phase system, the functional dependence of 
T and A on the system parameters can be symbolically writ- 
ten as 

1~=fl(nl,kl,nz,k2,n3,X.3,dl,dz,X), (7) 

A=f2(n1,kl.n2,k2,n3,k~,dl,d2,Xj. (8) 
Equations (7) and (8) are two real equations. The functions 
of f r and f 2 are determined with Eq. (1) together with Eqs. 
(2)-(6). fl and f2 cannot be expressed as analytical formu- 
lae, they can be handled only by numerical computation. As 
discussed below, it is possible to determine some of the sys- 
tem parameters with Eqs. (7) and (8). 

As the optical constants n3 and k, of the Si substrate are 
known (in fact, they can be found in the literature), the un- 
known parameters for the four-phase system shown in Fig. 
l(a) include: the thickness (d,) and the optical constants (nl 
and k,) of the Pt film, and the thickness (d2) and the optical 
constants (n,,k,) of the interface layer. At each wavelength, 
the ellipsometric measurement gives a T and A leading to 
two independent equations as (7) and (8). Thus the number 
of independent equations is less than the number of unknown 
parameters, and the equations cannot be solved definitely. 
We approach this problem by a multithickness method. Con- 
sider M pieces of PtJSi samples whose fabrication conditions 
are identical. The thickness of the Pt films is different, but 
the difference is not too large. It is assumed that the optical 
constants of the Pt film as well as of the interface layer and 
the thickness of the interface layer in these samples are in- 
dependent of the Pt film thickness provided the difference of 
the film thickness is not too large. This assumption has been 
checked carefully with ellipsometric measurements com- 
bined with calculations for many samples, and we find that it 
is reasonable. For these M pieces of samples, only the thick- 
ness of the Pt tilms, which is marked as d{(j = 1,2,3,. . . ,M), 
is different, and the ellipsometric measurements can provide 
2M independent equations: 

?Vi=fl(nl,kl,n2,k2,n3,k3,dil,d2,h), 

(j=1,2,3 ,..., M) 

(9) 

Aj=f2(nlrkl,n;!,k2,n3,k3,djl,d2,X). (10) 

In the above equations, there are (5 +M) unknown param- 
eters. Obviously, we must have 2Ma(5+M), or M25, so 
that all the unknowns can be determined definitely. In the 
present study, the ellipsometric measurements are performed 
for five samples with different thickness of Pt hlms. 

If the Pt/Si system is regarded as a three-phase system, 
then da=O, and the above equations are reduced to be inde- 
pendent of n2 and k, . In this situation, the unknown param- 
eters include nl , k, , and d{, and the number of the un- 
knowns is (2tM). Obviously, all the unknown parameters 
can be determined definitely with M = 5. 

For both the three-phase and the four-phase systems, 
Eqs. (9) and (10) can only be solved by numerical computa- 
tion. The computation usually entails the search of a set of 
unknown parameters under measurement such that the quan- 
tity 

F=g [(&-&“+(A’,-A’,)“] (11) 
j=l 

is zero or a minimum. F is an error function, Wi, and Ai, are 
the ellipsometric parameters of the jth sample from the mea- 
surements, and Ui and A’, are the corresponding values of 
the two parameters computed with Eqs. (9) and (10). For the 
four-phase system (5fM) unknowns are searched to mini- 
mize the error function F while (2 +M) unknowns are 
searched for the three-phase system. 

In the present study, we discovered another error func- 
tion that promises to reduce the number of unknowns to the 
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minimum. This error function is based on the fact that the 
optical constants can be separated from the film thickness d$. 
From Eq. (3), di can be determined as 

iX InX{ 
din.- 

l 47rN1 cos 41 (j=1,2,3 ,..., M). (12) 

Mathematically, d{ is a complex function of qj, Ai, IZ r ) It,, 
II?, kz, ~3, k3, dz, and X, and it can be expressed as 
d’,=Re(d’,) fi Im(d’,), where Re(d{) and Im(di) are the 
real and imaginary parts of d{, respectively. Physically, d{ 
should be a positive real quantity which is independent of 
wavelength X. In an ideal situation where there are no ex- 
perimental and model errors, it should be possible to com- 
pute values for the unknown parameters that would make the 
imaginary part, Im(d{)=O, and the real part, Re(di), inde- 
pendent of X. Therefore, the error function can be defined as 

F= 5 [Im(d<)]2. 
j-1 

(13) 

This error function is independent of d{. So the space of the 
search for the unknowns is reduced from (2+M) dimen- 
sions to two dimensions (n,,k,) for the three-phase system 
or from (5+M) dimensions to five dimensions 
(nl ,k, ,n2,k2,d2) for the four-phase system. This procedure 
makes the computation for the unknowns much simpler. Sub- 
stituting the optical constants so obtained into Eq. (12) and 
computing the real part Re(d{), we obtain the thickness of 
the Pt films. 

The validity of the models for the Pt/Si system can be 
examined with the following idea: if the model is perfect, the 
computed thickness of the Pt films should not change with 
wavelength regularly. If the four-phase model is suitable and 
the three-phase model is not, there is an optically effective 
interface layer at the Pt-Si interface; if there is no such in- 
terface layer, the results of the computations based on both 
the models should be identical. 

B. Results and discussions 

The ellipsometric measurements and computations were 
carried out for five Pt/Si samples with different thickness of 
Pt films. The results from the computation based on the four- 
phase model shows that for all samples, the film thickness d< 
(j=1,2,3,4,5) h as only a random variation (within 5%) 
with wavelength, and the computed thickness d2 of the in- 
terface layer is (3021) %, and the random variation of dz 
with wavelength is within 3%. The average thickness of the 
Pt tis of the samples No. l-No. 5 obtained from the four- 
phase model are 39, 46, 54, 95, and 107 A, respectively. 
However, the computation based on the three-phase model 
yields a very different picture. The change of the computed 
thickness d{ from this model with wavelength is shown in 
Fig. 2. As one can see in Fig. 2, the variation of the com- 
puted values of d$ with the wavelength X depends very much 
on the thickness of the Pt films, and the variation is also 
different at different wavelength. In order to describe the 
difference between the three-phase model and the four-phase 
model, we compute the quantity 

Wavelength (A) 

FIG. 2. Pt-film thickness d, determined with the three-phase model as a 
function of the wavelength A. 

d j Rj= 1 ttuee-pase -d{ 
four-phase x , o o % , 

1 four-phase 

where d’, 
three-phase 

and d$ 
four-phase 

are the computed thickness 
of Pt films with the three-phase model and the four-phase 
model at each wavelength,‘respectively. It is found that Rj 
depends on the thickness of the Pt films as well as on the 
wavelength. As the film thickness increases, Ri decreases; Ri 
also decreases with increasing wavelength. For example, at 
the wavelength of 3500 A, Ri decreases from 70% for the 
film thickness of 39 A to 15% for the film thickness of 107 
A; on the other hand, for the film thickness of 39 A Rj 
decreases from 70% at the wavelength of 3500 A to 8% at 
the wavelength of 6500 A. Obviously, the dependence of Ri 
on the film thickness and on the wavelength is related to the 
influence of the interface layer. For thinner Pt film at shorter 
wavelength, the contribution of the optical response of the 
interface layer is more significant and thus the difference 
between the three-phase model and the four-phase model is 
larger. 

It is evident from the above discussions that in contrast 
to the four-phase model, the three-phase model is not appli- 
cable to the Pt/Si system. This indicates that the Pt/Si system 
has an optically effective interface layer. The apparent opti- 
cal constants (a2 and k2) of the interface layer obtained from 
the computation based on the four-phase model are shown in 
Fig. 3, and the corresponding optical complex dielectric con- 
stant E= q+ie2 (q=ni-kz and ~~=2n,k,) of the inter- 
face layer is shown in Fig. 4. Also the computation yields the 
optical constants (nt and k,) of the Pt film which are in good 
agreement with the values in Ref. 11. Comparing the optical 
constants of the interface layer with those of the Pt film and 
the Si substrate, we find that the interface layer is really a 
new phase and it can not be ignored in ellisopmetry. 

IV. EFFECTIVE-MEDIUM THEORY SIMULATION TO 
THE COMPLEX DIELECTRIC CONSTANT OF 
THE INTERFACE LAYER 

As mentioned above, we have obtained the complex di- 
electric constant E(X) of the interface layer. In this section, 
we will show that, E(X) can be simulated with an effective- 
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FIG. 3. Apparent optical constants ?a2 and k, of the interface layer deter- 
mined with the four-phase model. 

medium theory (EMT),12 and some information of the struc- 
tural properties of the interface layer can thus be obtained 
from such an EMT simulation. 

For a chemically clean Si surface which is the situation 
of the present study, there is a native silicon-oxide ‘layer 
(-10 A) on the surface.13 In addition, the interdiffusion of 
the Pt atoms and the Si atoms from the substrate may occur 
at the interface due to the deposition of Pt film. Therefore, it 
is reasonable to assume that the interface layer consists of 
platinum, silicon and silicon oxide. Let their complex dieleo 
tric constants be +, Esi , and E,,idc, and their fractional vol- 
umes be I: Z, and (1 - Y-Z), respectively. The interface 
layer can be treated as a heterogeneous system which con- 
sists of microscopically inhomogeneous disordered materials 
of Pt, Si, and Si oxide, and its effective complex dielectric 
constant E& can be determined from the EMT approxima- 
tion: 

I ““‘I ““I ‘I ‘I “I 
10 - 

8 - 
$6.*014Qz 

0 
4 - 

.-_- 

6- A A A a A 34-. h . . 

l l . 
2  - 

II. I s 1. b I II I(. f. II 
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Wavelength (A) 

FIG. 4. Complex dielectric constant 6= q + ia, of the interface layer as a 
function of the wavelength X. The solid curves: c1 and + determined from 
the ellipsometric measurements with tht four-phase model; the open circles 
and open triangles: q and l 2 given by the EMT approximation with x=2 
(i.e., emide=esioz) and Y=O.ll and2=0.38; and the full triangles and full 
circles: q and e2 given by the EMT approximation with X= 1.54 (i.e., 
&idc=%i0,,54 ) and Y=O.ll andZ=0.38. 

Y( z;;;;J +z( 2;;;:) ‘(1-Y-Z) 

X( ~L;::j =O, 
[O=sYGl, O=GZ~l, OG(l-Y-ZjGl]. (14) 

If the parameters of +, Esi, and E”,i& are known, E,E can be 
determined with Eq. (14) for given (Y,Z). In the following 
fitting procedure, we search for the values of (Y,Z) so that 
the difference between eeff and E is minimized over the whole 
measured wavelength range. This difference can be defined 
as 

s= j&i I~,&j-0412 
1 1 

l/2 

, 
r=l 

05) 

where N is the number of measurements (wavelength mea- 
surements). 

It is assumed that the Si oxide is Si02, and its dielectric 
constants are taken from Ref. 14. The data of + come from 
the result obtained in the present study as discussed in the 
above section. We take Esi the dielectric constant of amor- 
phous silicon.15 The result of the best fitting is shown in Fig. 
4 by the open circles for l 1 and the open triangles for l 2. 
This fitting yields Y=O.ll, Z-0.38. If we take Esi the di- 
electric constant of crystalline silicon, we find that the dif- 
ference S is too large to carry out the fitting. This suggests 
that the Si component in the interface layer is in the form of 
noncrystalline clusters. 

The above fitting allows r+ to fit E quite well in the 
range of longer wavelength while there is a large difference 
in the shorter-wavelength range. It is possible that the Si 
oxide is not SiO, but SiO,. Thus, we try to improve the 
fitting using the dielectric constant of SiO,. The dielectric 
constant of SiO, is given by16 

ESiO, + +o,(A ESi-B ESio2j - (A - B + 1) ESi+io2 = 0 2 
(16) 

where 

1.583x+0.4253(2-x)(x-2.123)(x+0.968) 
A= 0.417x-0.4253(2-x)(x- 2.123)(x+0.968) ’ 

0.417x+0.09468(2-x) 
B= 6.417.x-0.4253(2-x)(x-2.123)(x+0.968) * 

This procedure leads to a better fitting in the shorter- 
wavelength range while there is no obvious change in the 
longer-wavelength range, and the result is shown in Fig. 4 by 
the full triangles and full circles. The best fitting yields 
x=1.54, Y=O.ll, and Z=O.38. This suggests that the Si 
oxide is not SiOz but a Si-rich oxide Si0154. The formation 
of a Si-rich oxide is probably due to the interaction of plati- 
num with the native Si oxide on the silicon surface. The 
Si-0 bonding can be broken by this interaction and thus 
some of 0 atoms are released. This process allows the inter- 
diffusion of the Pt atoms and Si atoms to occur easily, and 
the combination of the released 0 atoms with the Si atoms 
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from the substrate leads to the Si-rich oxide. Miller et al6 oxide within the interface layer, and it also suggests that fhe 
also noted the interaction between metals such as Pd and Au interface layer is a region of the mixing of Pt, Si, and Si-rich 
and the native oxide on Si surfaces. oxide. 

As can be seen in Fig. 4, Q.&X) from the above proce- 
dure is in good agreement with ~$1) in a wide range of wave- 
length, although there are still some deviations at the short 
wavelengths. The deviations are probably due to the fact that 
only the physical mixing of Pt, Si, and Si oxide is considered 
in the EMT approximation which ignores any chemical in- 
fluence. It is possible that the silicide-like substance due to 
chemical interaction of Pt and Si atoms forms at room tem- 
perature in the interface layer. However, there is no evidence 
that the stoichiometrical silicides have formed at the 
interface.17 
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V. CONCLUSIONS 

Ellipsometric measurements for Ptln-Si samples have 
been carried out in a wavelength range of 3500-6500 A. A 
simple method has been used to characterize the optical re- 
sponse of Pt-Si interface. An interface layer whose optical 
properties are different from that of the Pt film and Si sub- 
strate is identified. The present study clearly shows that spec- 
troscopic ellipsometry is a useful nondestructive method of 
characterizing metal-semiconductor interfaces. A calculation 
based on the effective-medium theory is carried out to simu- 
late the optical dielectric constant of the interface layer ob- 
tained in this study. The result shows the existence of Si-rich 
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