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The refractive indices ofTi, TisSi4, and TiSi2 films are measured by a polychromatic ellipsometer within the visible region. The 
wavelength dependence on the optical constants satisfactorily agree with the Drude model in the relaxation region. Transmission 
electron microscopy indicates that epitaxial C54-TiSi2 is formed with annealing temperatures above 700 ° C. 

T i tan ium silicides, with their distinct properties of 
high conductivity, strong adhesion with substrates, 
and high corrosion resistance to caustic gases, are 
prevalently applied in the very large-scale integra- 

t ion (VLSI) circuits as the gating material. The in- 
vention of charge coupled device (CCD) for optical 
sensing and storage extends their utility into the op- 
tical region. In this work, we first report the refrac- 
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Fig. 1. XRD diagram of Ti/Si isothermally annealed for 55 minutes, the CPS is the counts per second. 
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live indices of  titanium silicides measured by a 
polychromatic ellipsometer [ 1,2 ]. 

Titanium films were rf sputtered on the (I 11 ), 
1-10 f2 cm silicon substrates under a pressure of  

3 × 10 ~ Torr. The film thickness in this experiment 
is 610/~ as measured by an Inficon quartz thickness 
monitor  during deposition. Before deposition, the 
silicon substrates are cleaned in sequences of  ACE, 
TCE, deionized water and then boiled in 
N H 4 O H : H e O 2 : H 2 0 = 3 : 3 : 7  solution at 8 0 : C  for 
about 10 minutes. Finally, the wafers are etched in 
HE: H:O = 1:50 solution to remove the oxide layer. 
The X-ray diffraction ( X R D )  spectra as shown in 
fig. 1 indicate that the as-deposited Ti film has a 
characteristic peak near d = 2 . 2 4  ~, for the Ti (01 I ) 
plane, which reveals the fact that polycrystalline Ti 
films are formed readily instead of  amorphous state 
even without heat treatment. 

With isothermal annealing at 5 0 0 C  for 55 min- 
utes in a vacuum of 10 " Torr, the XRD peak shifts 
to d =  2.41 ,& corresponding to the TisSi  4 ( 213) plane. 
The electron probe micro-analyzer (EPMA) indi- 
cates that the broad peaks near d=3 .05  ,& and 
d =  3.21 A, are not due to oxides but rather due to the 
other complex compounds  of  Ti and Si. As the an- 
nealing temperature increases to 710 ~ C, for 20 min- 
utes epitaxial C54-TiSie appears but with an 
additional peak near d =  2.14 ,i arising from the TiO 
(200). The surface depth-profile analysis by an Au- 
ger spectrometer (Perkin Elmer PH 590) indicates 
the presence of  an oxide layer (fig. 2a) after the high 
temperature annealing. This oxide overlayer could 
be removed by polishing with 0.5 micron A120~ pow- 
der for about 5 minutes by hand and is clearly proved 
by fig. 2b. The Auger peak-to-peak signal indicates 
that the compound composition is TiSi> Inset is the 
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Fig. 2. (a) Auger peak-to-peak spectrum of TiSie after 710: C, 20 min heat treatment. Inset is the TEM surface micrography and E|)P 
(b) Auger peak-to-peak spectrum of TiSi_, after removal of surface layer by mechanical polishing treatment. 
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Fig. 3. n, k versus wavelength of as-deposited Ti film of 610 A. thickness. 
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TEM electron diffract ion pat tern which can be ana- 
lyzed to show that  the structure of  TiSi2 is face-cen- 
tered or thorhombic  C54 with a~= 8.253 .A, b , =  4.783 
,2k and co= 8.540 A,. Two distinct modes of  [ 102] and 
[ 101 ] TiSi ,  epitaxial  films can be grown on (111 ) 
Si with structure of  C54 [3] .  The resist ivit ies of  the 
Ti/Si system measured by a four-point  probe are 84.5, 
79.3 and 21.05 g f l  cm for the as-deposi ted,  500-C 
and 710~'C annealed samples,  respectively. These 
values are close to the repor ted  values for the Ti, 
T isSi~+TiSi  and TiSi ,  fi lms [4].  

With  the null el l ipsometD',  the Jones matr ix  [5] 
can readily solve the ratio of  the reflectivities of  the 
p and s waves, and is given b?. 

#(n, k, d )=Rr /Rs  

= - t a n . 4  t a n ( ' + f i ~ . t a n ( P - ( ' )  / l )  
I - A  tan C t a n ( P - ( ' )  

where P, .4 and C are the or ientat ion setting for the 
polarizer,  analyzer  and compensator ,  respectively. 
The Rutherford  backscat ter ing spectrometry indi- 
cates that the thickness of  TiSi:  swells by a factor of 
1.7 from its original metal.  The optical penetrat ion 

depth do=}~./2rck is about 477 A for)o. ~ 6000 A with 
the imaginary pan  of  the refractive index k ~  2, while 
the silicide thickness can be est imated to be 610 
.~X 1.7= 1037 3~. Therefore.  the e l l ipsomeu 7 equa- 
tion for the single layer bulk material  can be used to 
de termine  the complex refi-active index . V = H - i l , .  
which gives 

,V=n~ tan 0~, {t - [41~/(1 +l~):lsin o , , ' , '  (2/  

where n,, is the refractive index of  air. and o.  is the 
incident  angle. Fig. 3 is the el l ipsometry measure- 
ment  of  the as-deposi ted Ti film on Si substrate. 
showing that the real and imaginary parts of  the re- 
fractive index both increase as the wavelength in- 
creases. For  the heat treated Ti~Si4 silicide, the values 
of the refractive index as shown in fig. 4 decrease and 
those of  the reflectance decrease by about  12%. 

As the annealing temperature increases further, the 
final phase TiSi_~ is formed. The measured refractix e 
indices for the polished surface arc shown in fig. 5. 
The n and k intersect near ). ~ 6200 ~, which usuall? 
occurs at the plasma oscil lation frequency for high 
mobi l i ty  metals. The plasma frequency decreases as 
the conduct ion electron density decreases due to the 
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Fig. 5. n. k versus wavelength of TiSi.. Ik)r polished surlacc 
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charge transfer  from the t i t an ium to silicon during 
silicide formation.  

The Drude  model  of  free electron gas implies  a re- 
lation of  [ 6 ] 

n 2 - k  2 = 1 -o)~ ' r2 / (1  +¢02"t "2 , 

2nk=og~r/(1 +092 r2)~o,  (3)  

where r is the electron relaxat ion time, and 09p is the 
p lasma frequency. In the infrared region, where 
09 << l / r ,  then 2 n k > > n 2 - k  2, and 

N 2 = ( n + ik) 2 ~ 2ink ~. ~0 ~ ri/~o , 

which implies n ~ k ~  03o(r/09) ~/2 >> 1. Therefore the 
reflectivity 

R = [ ( n -  1)2 + k 2 ] / [ ( n +  1 ) 2 + k  2] 

is very high and falls into the classical skin-effect re- 
gion. Within the visible light, 1/r << co << 090, we have 
n 2 - k 2 ~  1-co~/co 2, and 2nk~o~2r/09, then n 2 - k  2 

is very negative, or k>> n, therefore R ~ 1. This is the 
relaxation region. As the anneal ing tempera ture  in- 
creases, the real part  of  the refractive index remains  

almost  unchanged, but  the imaginary part  will drast-  
ically decrease. Since silicides are metall ic  com- 
pounds,  the number  o f  conduct ion electrons 
decreases due to the hybr id iza t ion  of  the 4d elec- 
trons of  Ti with the valence 3p electrons of  Si and 
empty 3d orbitals  of  Si. The decrease of  conduct ion 
electrons presumably  decreases the p lasma fre- 
quency, and k is likely to approach n, and the sili- 
cides have a lower reflectivity than pure Ti metal  
within the visible region. This is what we have ob- 
served for t i t an ium silicides. 
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