
Actually, to illustrate how conjugate coefficients can 
improve the arithmetic complexity the authors consider only 
the sum of two complex multiplications: 

(a + jbXc + j d )  + ( a  - jbXe +a = a[ (c  + j d )  + ( e  +a] 
+ j b [ ( c  + j d )  - ( e  +a] 

(1) 

ignoring the difference between two complex multiplications. 
At the same time, the 'butterfly' operation for a length-2" 

FFT requires the difference of these multiplications to be con- 
sidered. 

(a + jbXc + j d )  - (a  - j bxe  +a = a[ (c  + jd)  - (e +a] 
+ j b [ ( c  + j d )  + ( e  +a3 

(2) 

The combined calculation of eqns. 1 and 2 corresponds to the 
two-pointed cyclic convolution calculation : 

The cyclic convolution of eqn. 3 is transformed to the next 
skew-cyclic convolution : 

[ P +Jq] = [;: - : I ,  [" + e) + j ( d  +n] 
(4) --s + J r  (d -n + j ( e  - c)  

which corresponds to two real skewcyclic convolutions: 

The calculation of both eqn. 5a and b  ratios and, consequent- 
ly, both eqn. 1 and 2 ratios, requires six real multiplications 
and six real additions, but not four real multiplications, as 
asserted in the article [l]. This means that the CPFFT algo- 
rithm has analogous arithmetic complexity to the split-radix 
FFT algorithm [2-51. 

Note that if eqn. 3 has the appearance of the two-pointed 
skew-cyclic convolution 

["'"I=[ r + j s  - j b  p j " ] . [ 3  a  

it can be transformed to the following two-pointed cyclic con- 
volution : 

the calculation of which requires four real multiplications. 
This point is noted in a monograph by Blahut [6]. 

10th March 1992 
A. M. Krot and H. B. Minervina (Institute ofEngineering Cybernetics 
OJ the Byelorussian Academy of Sciences, Surganov Str. 6, 220012 
Minsk, Byelorussia) 
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POLY-OXIDE/POLY-Si/SiO,/Si STRUCTURE 
FOR ELLIPSOMETRY MEASUREMENT 

T. S. Chao, C. L. Lee, T. F. Lei and Y. T. Yen 

Indexina terms: Measurement, Thin films, Elliposometrv 
~ ~~ ~ 

A multiple poly-oxide/poly-Si/SiO,/Si sandwiched structure 
is proposed for the conventional single incident angle and 
single wavelength ellipsometry measurement of the thick- 
nesm and refractive indices of the poly-oxide and the poly-Si 
at the same time. The structure is simple and gives accurate 
results. 

Ellipsometry is a powerful technique for measuring the thick- 
ness and refractive index of a thin film owing to its nonde- 
structiveness, ease of use, and high sensitivity to a monolayer 
thickness [l-21. However, for a thin film, such as a poly-Si 
film which is optically-absorptive, ellipsometry cannot be 
readily applied due to the existence of the imaginary part in 
the refractive index. Generally, more than two measurements 
are needed to solve for the thickness T, and complex refractive 
index N-iK.  Various alternative approaches have been 
adopted [3] ; they are 

(1) multiple film thickness (MFT) measurement [4] 
(2) multiple incident medium (MIM) measurement [5] 

(3) multiple wavelength ellipsometry measurement C6, 7l 
(4) multiple angle incident (MAI) ellipsometry measurement 
[8,91. 

However, all these methods suffer drawbacks, such as the need 
for more than two samples to be prepared whose optical char- 
acteristics may not be the same, or the need for a complicated 
instrument setup, so that the techniques are difficult to apply 
to in-line measurement in the manufacturing process. 

In this Letter, a sandwiched poly-poly/poly-Si/SiO,/Si 
structure is proposed for conventional ellipsometry measure- 
ment with a single incident angle and a single wavelength to 
measure the thicknesses and the refractive indices of the poly- 
oxide and poly-Si. The structure is compatible with that of 
MOS ICs. This makes possible the in-situ ellipsometry mea- 
surement of the poly-oxide and poly-Si of MOS ICs during 
manufacture. 

Fig. 1 shows the sandwiched poly-oxide/poly-Si/SiO,/Si 
structure. In this structure, the bottom oxide has two different 
thicknesses at two neighbouring regions. The thickness and 
refractive index of this oxide at two regions can be first mea- 
sured with an ellipsometer. After depositing the poly-Si using 

region 2 region1 

( A i ,  v i )  

I silicon substrate I 
I ' m2g 

Fig. 1 Multiple sandwiched structure oJ poly-oxidelpoly-Si/SiO,/Si 
structure Jor conventional ellipsometry measurement 
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low-pressure chemical vapour deposition (LPCVD) and oxidi- 
sing the deposited poly-Si, the laser beam of the ellipsometer 
can be applied to regions 1 and 2. Two sets of (A, $) data can 
be obtained. The ellipsometric equations of this system can be 
written as [3] 

.fi(Ai, $ 1 3  4, N , ,  K , ,  No=,  L i ,  

N,,,, K,,,, T,,,, 4 = TpolY4d. ( 1 4  

N,,,, K,,,, T,,,, 4 = 0 (14  

N,,, 9 K,,, > T,,,, 4 = ~,ly.oxYc (24  

N,iY, K,I,, T,i,, 4 = 0 (26) 

where Al,  A2,  $1 and $z are the measured ellipsometric 
angles, Q is the incident angle, N, and K, are the silicon 
substrate index (3,858-iO.018, at 632.8nm), No, and 
N,ly-iK,,, are the refractive indices of the oxide and poly-Si, 
respectively, and T,,,, Kx2, T,,, and T,h4xYr are the thick- 
nesses of the bottom oxides, the poly-Si, and the poly-oxide, 
respectively. In eqns. 1 and 2, there are four parameters, i.e. 
N,,,, K,,, T,,, and T,l,-olide whose values are to be deter- 
mined. In principle, the values of these four parameters can be 
determined. Eqn. l a  and b reprmnt a curve in a 4- 
dimensional space of the variables N,,,, K,,,, T,,, and 
T,ly-oxYe. Eqn. 2a and b represent another curve in the same 
4dimensional space. To determine the values for N,,, , K,,, , 
T,,, and T,,,.,,,,, the intersection of these two curves needs 
to be found. However, owing to the measurement and instru- 
mental errors [lo], these two curves do not intersect each 
other; instead they pass close to each other, with minimum 
separation at the point of the solution in 4-dimensional space. 
Hence, the solution can be determined by finding the 
minimum of the distance between these two curves. 

The above process for finding the solution is as follows. 
First, T,,, and T,ly4xide are given reasonable values and the 
values of N P I ,  and K,,, are computed using eqns. la and b 
and 2a and b for (Al, IL1) and (Az,  $z)r respectively. The values 
of T,,, and T,ly-oxY. are then varied in a range and N,,, and 
K,,, are computed for each specified T,,, and T,ly.orYe. This 
forms the two curves in 4-dimensional space. The minimum 
distance between these two curves is then determined by com- 
parison. After the minimum is found, the centre point of these 
minimum distances is taken as the solution. The above com- 
puting process is very fast. It takes less than 1 second on a 
IBM compatible 486 personal computer. 

Experiments were carried out to demonstrate the above 
methodology. In experiments, oxides of two different thick- 
nesses (262A. 1074A) were grown on a silicon substrate. 
An LPCVD amorphous silicon film, approximately lOOOA 
thick, was deposited on the wafer at 550°C. The wafer was 
then annealed at 1OOO”C to become a poly-Si film and the 
poly-Si film was oxidised in a dry oxygen ambient at 1OOO”C 
for 25 min. Applying the ellipsometry measurement, two sets 
of (A, ,$) values were obtained. The measured values obtained 
by using the above procedures for T,,, and T,,,~,,,e, N,,, 
and K,, are listed in Table 1. These results are compared 

Table 1 THICKNESSES AND REFRACTIVE 
INDICES OF POLY-OXIDE, AND POLY-Si 
MEASURED BY MULTIPLE 

gi(Ai, $1, 4, N s ,  K s ,  No, ,  T,,i, 

fz@z,  $2.  4 3  N , ,  Ks, No, ,  L z ,  

g d A z  3 $2 7 $2 N s ,  K ,  9 No, Tox2 

~~ ~~~~~ ~~ ~~~~~~~~ 

SANDWICHED STRUCTURE (MSS), 
MULTIPLE-ANGLE INCIDENT (MAI) 
ELLIPSOMETRY AND CROSS-SECTION 
TEM METHODS 

MSS MA1 TEM 

Poly-oxide N 1.46 1.46 - 

Poly-Si N 4.148 4.020 - 
Poly-Si K 0.026 0.024 - 

Poly-oxide T (A) 451 455 455 k 30 
Poly-Si T (A) 807 811 850 k 30 
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with those obtained for the same wafer by using MA1 ellip- 
sometry [9] and by using cross-section TEM measurement. 
Those data are also shown in Table 1. For the values obtained 
by MA1 ellipsometry, the fitting error was less than 1.0”. For 
cross-section TEM, the structure is shown in Fig. 2. It can be 
seen that the results obtained using the poly-oxide/poly- 
Si/SiOJSi structure (MSS) and by MA1 ellipsometry are very 
close both in values of thickness and in optical constants. The 
values of T,,, and T,ly4xYe obtained by the TEM picture are 
estimated to be 850 f 30A and 445 f 30A, respectively, 
where the estimation tolerances are rather large. 

Fig. 2 Cross-section TEM photograph of poly-oxide/poly-Si/SiO,/Si 
structure 

Hence, it can be concluded that it is very simple to use the 
multiple sandwiched poly-oxide/poly-Si/SiO,/Si structure pro- 
posed for conventional single incident angle and single inci- 
dent wavelength ellipsometry measurement for measuring the 
thickness and the refractive index of the poly-oxide and 
poly-Si simultaneously. The structure can easily be incorpo- 
rated into MOS ICs for in-line measurement during manufac- 
ture. The measurement also gives precise values for the 
thickness and refractive indices. 

Acknowledgments: This work is supported by the National 
Science Council of Taiwan through the contact of NSC-80- 
0404-E009-48. 

2Ist April 1992 
T. S. Chao, C. L. Lee, T. F. Lei and Y. T. Yen (Department of Elec- 
tronics and Engineering and Institute of Electronics, National Chiao 
Tung University, Hsinchu, Taiwan, Republic of China) 

Refereoees 
1 AZZAM, R. M. A., and BAS- N. M. : ‘Ellipsometry and polarized 

light’ (North-Holland, New York, 1979) 
2 REIDLING, K. : ‘Ellipsometry for industrial applications’ (Springer- 

Verlag Wien, New York, 1988) 
3 so, s. s.: ‘Ellipsometric analyses for an absorbing substrate with or 

without an intermediate surface layer’, Surjoce Science, 1976, 56, 
pp. 97-108 

4 IRENE, E. A., and DONG, D. w.: ‘Ellipsometry measurements of poly- 
crystalline silicon films’, J .  Electrochem. Soc., 1982, 129, pp. 1347- 
1353 

5 KRUGER, I., and AMIS, w. J.: J .  Opt. Soc. Am., 1959,49, p. 1195 
6 PICKWNG, c., SHAND, B. A., and SMITH, G.  w.: ‘Spectroscopic ellip 

sometry studies of excitionic features and optical functions of 
AI,Ga, _&./GaAs multiple quantum well structures’, J .  Electron. 
Mater., 1990, 19, pp. 51-58 

7 WOOLLAM, 1. A., and SNYDER, P. G.: ‘Ellipsometric measurements of 
molecular-beamcpitaxy-grown semiconductor multi-layer thick- 
nesses: a comparative study’, J .  Appl. Phys., 1987, 62, pp. 4867- 
4871 

8 PEDNOFF, M. E., and STAFWDD, 0. M.: ‘Multiple angle ellipsometric 
analysis of surface layers and surface layer contaminants’, Appl. 
Opt., 1982, 21, pp. 518-521 

9 cmo, T. s., LEE, c. L., and LEI, I. F.: ‘Measurement of ultrathin 
(< 100 A) oxide films by multiple-angle incident ellipsometry’, J .  
Electrochem. Soc., 1991,138, pp. 1756-1761 

10 Ho, 1. H., LEF, c. L., and LEI, T. F.: ‘Error reduction in the ellip 
sometric measurement on thin films’, Solid-state Electronics., 1988, 
31, pp. 1321-1326 

1145 


