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Three MOS gate structures; polysilicon, tungsten silicide 
and tungsten polycide, were fabricated and their work- 
functions measured with the high frequency C-V technique. 
The work functions were 4.14 ev and 4.82 ev for phosphorus 
doped polysilicon and silicon-rich tungsten silicide, res- 
pectively. The tungsten polycide structure, however, 
showed a variance between 4.14 ev and 4.38 ev for differ- 
ent experiments. The polycide MOS device threshold was 
about 0.15 volt higher than that of polysilicon. Phosphorus 
out-diffusion and tungsten diffusion along polysilicon 
grain boundaries were postulated to explain this phenomenon. 
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Introduction 

The next generation VLSI circuits with higher speed 
and density require some alternative interconnect materials 
to polycrystalline silicon in order to decrease the RC time 
delay. Refractory metal silicides, including WSi~, MoSi~ 
TaS12 and T i S x g ( 1 , 2 , 3 ) ,  are  bexng c o n s i d e r e d  as p rospec -  
t i v e  materials~for VLSI interconnects due to their low 
resistivity and good process compatibility (4,5). Recently, 
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the polycide gate structure, silicide on doped polysilicon, 
instead of the sSmpler silicide gate, has been proposed by 
Crowder et al. (6) because it can achieve relatively high 
conductivity while retaining polysilicon gate electrical 
characteristics. 

Early proponents of the polycide structure made the 
assumption that the device threshold of polycide gate 
would not deviate from those of polysilicon gates. This 
requires that the work function of the lower polysilicon 

layer not be perturbed by the presence of the upper sili- 
cide layer. However, some recent reports observed a slight 
difference in threshold voltage between polycide and poly- 
silicon gate devices (7,8). It is therefore of interest 
to study the work function of the polycide gate structure. 

Three basic structures (polycide, polysilicon and 
silicide) have been fabricated and the work functions 
measured utilizing the high frequency C-V method described 
in the next section. The experimental results and dis- 
cussion are given in a later section. 

Experimental Procedure 

P-type <i00> silicon wafers with ~17 ~-cm resistivity 
were used as substrates to fabricate MOS capacitors. Three 
different gate structures were fabricated and tested in 
this experiment: (I) 5000~ phosphorus-doped polysilicon 
gate; (2) 3000~ to 4000~ tungsten silicide gate; (3) 
tungsten polycide gate with 1400~ to 4600~ phosphorus- 
doped polysilicon and 2500~ to 4000~ tungsten silicide. 

All wafers were etched to bare silicon and then oxi- 
dized to a thickness of 2500~ at 1000~ The wafers in 
each gate structure group were etched to produce a series 
of different gate oxide thicknesses in a buffered hydro- 
fluoric acid solution. LPCVD polysilicon was deposited and 
then doped by phosphorus diffusion. The tungsten silicide 
film was deposited by co-sputtering from tungsten disili- 
cide and silicon targets using a dual target S-gun sputter- 
ing system. The deposition rate was about 2~/sec at 3.5 
mTo~r argon pressure. This co-sputtering process yields 
a silicon rich silicide film, WSi where x is about 3. A 
silicon rich silicide ~ilm is use~ to establish good adhe- 
sion to the substrate ( �9 A barrel etcher was used to 
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delineate the gate areas using an SF6/02 plasma. Barrel 
etching was used because of its grea~er-selectivity over 
oxide than planar etching (I0). The polysilicon gate wafers 
were annealed in 02 followed by N 2 for a total of 30 min. 

O . . . .  
at I000 C. Wafers wlth tungsten s111clde films were an- 
nealed with the same thermal c~cle, but with N~ only. All 
wafers received a 30 min., 450~C anneal in forming gas. 
In two of the experiments a l~m field isolation oxide was 
grown before the gate oxide to eliminate the lateral effect 
during C-V measurement. One set of wafers had a layer of 
undoped oxide deposited, contact holes opened and followed 
by aluminum metallization. 

High frequency (IMHz) C-V measurements were used to 
determine the work functions of different structures. 
Under thermal equilibrium, the flatband voltage VFB of a 
MOS structure is given by 

VF B = VM S _ ofti p(x)x dx (i) 
E.E 
iO 

where VMS is the metal-semiconductor work function diff- 
erence in volts, O(x) is the charge density distribution 
in the oxide, t. is the gate oxide thickness, c. is the 
dlelectrlc constant of $I0~, and e Is the permlttlvlty 

O 
of free space. In general, four types of charges exlst 
in thermally-grown silicon dioxide(ll): (I) Fixed oxide 
charge Qf, located near the Si/SiO 2 interface in the oxide; 
(2) Interface trapped charge Qit; (3) Mobile ionic charge 
Q_, and (4) Oxide tra~ped charge Q _. A bias-temperature 
s~ress test (20V, 200 C, 3 min.) p~duced less than 0.05 
volt shift in the C-V curve. This implies that the mobile 
ionic charge is negligible. Also, for a well-grown gate 
oxide, the oxide trapped charge density is usually low 
enough to be negligible. The expression (I) can be simp- 
lified to 

Qi t 1 
VFB = VMS c ~ (2) 

iO 

where Qo is the total oxide charge density consisting of 
Qf and ~'t" Once the VF~ versus oxide thickness curve is 
established, one can easily obtain the V._ from the y-axis 
intercept and the Q. from the slope base~bon the simple 
linear equation. T~e work function of the gate material 
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~M can be determined from 

~M = ~MS + (XSi + ~Eg + KTIn ~) 
1 

(3) 

where X~" is the silicon electron affinity (4.05ev), E is 
the sillcon band-gap energy (1.12 ev), N A is the accep~or 
concentration of the substratep n. is the intrinsic carrier 

�9 . ~ l . 

concentratlon of the slllcon. The MOS devlce threshold 
voltage may be calculated from the following expression 

Qi QB 
VT = VMS C. C. + 2VF (4) 

I 1 

where C. is the gate oxide eapacitance~ VF= KTI~ NA , and 
l q n. 

i 

QB = -(4~seoNAqVF )~" 

Results and Discussion 

The final resistivity of the t~ngsten silicide after 
all processing steps is about 8XI03- ~-cm while the poly- 
silicon resistivity is about ]XI0- ~-cm. High frequency 
C-V measurements were performed on all wafers with diff- 
erent gate structures and oxide thicknesses. Fig. Al shows 
the C-V plots for a tungsten polycide gate of 2500~ poly- 
silicon and 2500~ tungsten silicide and with various gate 
oxide thicknesses. The oxide thicknesses were calculated 
from C. (or C ). These thicknesses are in agreement 

i ma~ 
with measurements taken before depositing polysilicon or 
tungsten silicide. The_acce~tor doping concentration was 
found to be (8-10) X 1014cm -~ from C . data. The flat- 

.. . m l n  

band capacitance of each oxide thxckness was first calcu- 
lated from. N. and t.l in order to o~n the flatband vol- 
tage shlfts ~ the curve FB from C-V 

Fig. 2 shows the flatband voltage dependence on oxide 
thickness for polysilicon gates. The work function diff- 
erence ~ ,_ is found to be -0.75ev (+0.05ev) and the work 

M~ 
function of the polysilicon ~M is 4~14ev(+0.05ev). 
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Fig. 3 is the plot of VFB vs t. for the tungsten sili- 
cide structure. The work function ~ifference is -O.08ev 
+ 0.05ev. The work function of tungsten silicide has a 
~orresponding value of 4.82ev + O.05ev. This result is 
in ~ood agreement with the 4.8e"v obtained by Saraswat et 
al.(12) whose experiments were on N-type substrates. 
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Fig. 3. The flatband voltage dependence on oxide thickness 
for a tungsten silicide gate MOS structure. 

Fig. 4 and 5 show the typical plots VFB(ti) from two 
sets of polycide experiments. Table I sun~arlzes the data 
for the tungsten polycide experiments. 
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Fig. 4. A typical flatband voltage dependence on oxide 
thickness for the tungsten polycide MOS 
structure. 
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MOS structure. 
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TABLE I 

Summary of Work Functions of Various 
Polycide Structures 

EXPERIMENT GATE STRUCTURE VMs(V ) ~M(ev) 

i Poly-Si(2800~)/WSix(2500~) -0.54 4.35 

Foly-Si(lO00~)/WSix(4000~) -0.51 4.38 

2 Poly-Si(2700~)/WSix(2500~) -0.51 4.38 

3 Poly-Si(4600~)/WSix(2500~) -0.76 4.14 

Foly-Si(2700~)/WSix(2500~) -0.74 4.16 

Poly-Si(1400~)/WSix(3000~) -0.74 4.16 

The work function of tungsten polycide falls between poly- 
silicon and tungsten silicide: ~M (P~176 < ~M 
(tungsten polycide) <~M(Tungsten silieide). 

Fig. 6 depicts the VFB(t i) data for the different 
gate structures from the same experiment. Fig. 7 shows 
the energy band diagrams for the three gate structures 
studied. 

The threshold voltages of MOS devices with different 
gate structures were also compared. Using the work func- 
tion and oxide charge density obtained from Fig. 6, the 
threshold voltages of MOS devices with t. = IO00X were 

1 
calculated to be O.14V for polysilicon gate and 0.33V for 
tungsten polycide gate. This threshold difference agrees 
with the measured threshold voltages of MOS devices from 
several regularly processed experiments, in which wafers 
were split between the polysilicon gate and polycide gate 
(2500~ Poly-Si/2500~ WSi ) processes. For example, the 

X . o 

50um by 50um enhancement devlces measured wlth zero back 
bias voltage produced the results of V T = 0.35V for poly- 
silicon gate and V T = 0.52V for tungsten polycide gate and 
&V T = O.17V. Other tests (see Table II) on tungsten poly- 
cide gate devices of various sizes also showed a threshold 
difference of about 0.15 volt. 
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The reason for the observed work function variance 
for the polycide structure is not clear. However, several 
possibilities may be postulated. First of all, it is poss- 
ible that refractory metal atoms diffuse along the poly- 
silicon grain boundaries which could significantly modify 
the Poly-Si/SiOp interface and result in a corresponding 
C-V shift. Another plausible explanation is based upon 
the outdiffusion of phosphorus from the doped polysili- 
con through the silicide layer. An oxide diffusion barrier 
was grown on the polysilicon gate devices in this study, 
whereas, the polycide gate devices lacked this barrier. 
In addition to this, recent work by Pan et al. (13) indi- 
cates that the diffusion coefficient of phosphorus in 
tungsten silicide is considerably greater than it is in 
polysilicon. Differences in polysilicon doping level 
could account for part of the observed threshold differ- 
ence. 

Other, as yet unidentified, process parameters could 
affect the work function. For instance, Razouk and Deal (14) 
have recently reported a strong hydrogen annealing effect 
on the metal-semiconductor work function difference. There 
remains considerable room for additional work to fully 
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characterize and explain the observed variance of the work 
function difference of the tungsten polycide gate from 
that of the familiar polysilicon gate. 

Summary 

The work functions of polysilicon, tungsten silicide 
and tungsten polycide have been measured with the high 
frequency MOS C-V technique. The work function of phos- 
phorus doped polysilicon, 4.14ev (+0.05ev), is in good 
agreement with previous work. Als~, the work function of 
tungsten silicide 4.82ev (+0.05ev) obtained on P-Si sub- 
strates~ supports the results of Saraswat et al., whose 
work used N type Si substrates. Variations of the work 
function difference between the values for polysilieon and 
tungsten silicide have been observed for the tungsten poly- 
cide structure. The higher threshold voltages of tungsten 
polycide devices compared with polysilicon devices have 
been shown essentially related to the higher work function 
of polycide structure. Some plausible reasons are sug- 
gested, however, the exact cause still requires further 
research. 
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