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ABSTRACT 

The composition profile of tungsten silicide (WSi~) films deposited by low-pressure chemical vapor deposition em- 
ploying dichlorosilane (DCS) reduction of tungsten hexafluoride (WF6) is studied. Diffusion is the reaction rate-limiting 
process at chuck temperatures above 550~ and uniform in-depth composition profiles can be obtained. Below 550~ 
however, the in-depth composition profile is not uniform for the surface reaction rate-limiting process. Tungsten-rich lay- 
ers with a Si composition, x, of 1.5, are initially deposited due to the reduction of WF6 by the Si surface. This layer is amor- 
phous or microcrystalline. Thereafter, the silicon content of the film increases with increasing thickness and a uniform 
composition profile is obtained as determined by the DCS/WF6 flow rate ratio in the chemical reaction. 

Chemical vapor-deposited tungsten silicide (WSix) films 
have been extensively used as polycide gate and intercon- 
nections for very large-scale integrated circuits (VLSI). 
However, peeling and cracking formation during oxida- 
tion are serious problems of the extensively used WSi= 
films deposited by the silane (Sill4) reduction (1). 

The use of dichlorosilane (SiH2C12, DCS) as an alterna- 
tive reducing agent to silane for tungsten hexafluoride 
(WF6) has been reported (2-7). Film properties are also 
studied (4-7). This film has many advantageous character- 
istics and will be extensively used for the fabrication of 
VLSI WSi= polycide gates. 

In the application of this film to VLSI, the film composi- 
tion is an important  parameter affecting film properties 
such as resistivity, sheet resistance uniformity, peeling, 
and stress at the interface. The compositional change 
caused by the precipitation of excess Si at the interface 
during anneal ing has been studied in silane WSix films (8). 
Lower resistivity WSi~ films with low stress can be 
achieved by this precipitation. Nonuniform in-depth Si 
composition WSi= films leads to sheet resistance deviation 
and peeling during the oxidation process. Correlation of Si 
composition with deposition temperature, WF6 flow rate, 
and film resistivity in DCS WSi~ was studied by Gregory 
et al. (6). Although RBS spectra indicating Si composition 
profile were measured for DCS WSix by them, the relation- 
ship between in-depth Si composition profile and deposi- 
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tion temperature and reaction kinetics has not been 
studied. 

It has recently been reported that the surface reaction is 
the rate-limiting process in the deposition of DCS WSi= at 
lower temperatures (4-7). But properties of the films depos- 
ited using this reaction have not been studied. 

This paper describes the properties and in-depth compo- 
sition profile of WSix films deposited employing DCS re- 
duction of WFs. 

Experimental Procedures 
The deposition of CVD WSi= films was performed on 

5 in. (100) p-type Si using DCS reduction of WF6. A cold- 
wall batch LPCVD reactor (Genus 8710) was used for the 
deposition of tungsten silicide. Temperature of the hot 
chucks was varied from 530 ~ to 610~ Real surface tem- 
perature of the wafer was about 30~ lower than of chuck 
temperature where the sheet resistance vs. annealing tem- 
perature relation for boron-implanted Si wafers was used 
for this calibration (9). 

Pressure and WF6 flow rate were varied over 0.2-0.7 torr 
and 9-21 sccm. The DCS flow rate was held at 670 sccm. 
The composition of the film was determined by 1.5 MeV 
4He§ Rutherford backscattering spectrometry yield ratio 
of Si to W (10, 11). 

Thickness of WSi= layers was determined from RBS W 
spectra and by a cross-sectional view of a scanning elec- 
tron microscopy (SEM) measurement.  
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Fig. 1. Temperature variation of deposition rate for DCS WSix films 
at different WF6 flow rate, where the DCS flow rate and pressure were 
held at 670 sccm and 0 3  torr, respectively. 
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Fig. 2. Composition of DCS WSix films as a function of WF6 flow rate, 
where the deposition was performed at chuck temperatures of 61 0 ~ and 
530~ with a pressure of 0.5 torr and DCS flow rate of 670 sccm. 

Results and Discussion 
Deposition and film properties.--DCS WSi= film was de- 

posited at different chuck temperatures and WF6 flow 
rates. Figure 1 shows the deposition rate as a function of 
the reciprocal temperature. The deposition rate for the sil- 
ane film was invariable with chuck temperature over the 
range of 360~176 because diffusion is the rate-limiting 
process (8, 12). 

In DCS WSi=, as seen in Fig. 1, the deposition rate was 
independent  of chuck temperature above 550~ with WF+ 
flow rate of 21 sccm. This result suggests that the reactant 
feed rate is the deposition rate-limiting process. The depo- 
sition rate was observed to decrease with decreasing WF6 
flow rate (partial pressure). The WSix deposition rate is de- 
pendent  on the concentration of WF6 at the wafer surface. 
This decrease is mainly due to the increase of Si composi- 
tion in the film due to the decrease of WF8 gas reduced by 
DCS. At low WF6 flow rates, the deposition rate decreased 
slowly with the increase of deposition temperature in the 
diffusion-limited reaction region. This decrease may be 
due to the increase of DCS reacted with WF6. The rate de- 
creased with increasing Si composition of the film. 

Below a chuck temperature of 550~ however, the depo- 
sition rate decreased exponentially with decreasing tem- 
perature, as reported previously (4-7). The reaction rate de- 
creased when the deposition was performed at different 
WF6 flow rates and pressures. These results indicate that 
the surface reaction is the rate-limiting process in this re- 
action region. 

Composition of WSi= films is an important  parameter af- 
fecting film resistivity and peeling (1, 6, 8). The composi- 
tion was determined by RBS analysis (10, 11). Figure 2 
shows the composition at uniform regions as a function of 
WF6 flow rate. Since the Si composition is limited by the 
amount  of WF6 reduced by DCS, the Si film composition 
decreases linearly with increasing WF6 flow rate when the 
DCS flow rate is held constant. However, the Si composi- 
tion decreased with increase in deposition temperature. 
This is due to the fact that the amount  of DCS reacted with 
WF6 increased with the increase in temperature. 

Grain growth is also an important  parameter in the as- 
deposited films (4, 6). X-ray diffraction spectra for films de- 
posited at 610 ~ and 530~ are shown in Fig. 3 and 4. The 
lower spectra in each figure are for thick WSi= films. As 
seen in Fig. 3, stronger tetragonal (002) and (112) WSi2 
peaks and weaker hexagonal peaks appeared for thick 
films (2700A, x = 2.5) deposited at 610~ by the diffusion 
rate-limiting reaction process. 

In the surface reaction film (2500A thick, x = 2.6), the in- 
tensity of the tetragonal (T) WSi2 peak decreased and the 

hexagonal (H) peaks increased as seen in Fig. 4. The inten- 
sity ratio of T(l l2) /H(l l l )  was 4.0 and 1.0 in diffusion and 
surface reaction films. Although the surface reaction films 
deposited at 530~ were annealed at 610~ the spectra 
were invariable. These results showed that these differ- 
ences in the grain size between the two layers are mainly 
due to the deposition process rather than to anneal tem- 
perature. 

It is clear from these results that WSi2 grains are already 
grown in as-deposited DCS WSi= films, although no WSi2 
grains were observed in silane WSi= films (13). Grain size of 
as-deposited DCS films deposited at different tempera- 
tures and WF6 flow rates was determined from x-ray dif- 
fraction measurement  (14). Grain size is an important pa- 
rameter affecting film resistivity after anneal, as reported 
elsewhere (15). 

Figure 5 shows the variation of grain size with composi- 
tion for tetragonal (002) WSi2 for films deposited at 610 ~ 
(diffusion) and 530~ (surface reaction). As the Si-to-W 
ratio increased, grain size decreased gradually in the diffu- 
sion film and rapidly in the surface reaction film. This re- 
sult indicates that grain size is dependent  upon film com- 
position. Larger WSi2 grains were formed in the film 
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Fig. 3. X-ray diffraction spectra for thick (2700/~, in the lower trace) 
and thin (350~, in the upper trace) DCS WSix films deposited by the 
diffusion rate-limiting process, where the deposition was performed at 
DCS and WF6 flow rotes of 670 and 18 sccm, respectively. Pressure was 
held at 0 3  torr. 
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deposited at high temperatures by diffusion rate-limiting 
process. The grain size of the surface reaction film was in- 
variable after anneal ing at 610~ 

Sheet resistance and thickness of the film were meas- 
ured by four-point probe and RBS WSix spectrum, respec- 
tively. Figure 6 shows the resistivity of as-deposited DCS 
WSi= films as a function of film composition, where the 
film was deposited at a chuck temperature of 610 ~ and 
530~ Resistivity increased with increasing Si composi- 
tion. In as-deposited noncrystall ine silane reduction WSi~ 
films, resistivity is only a function of composition (15). In 
DCS WSix films, however, WSi2 grains are already grown 
in as-deposited films as shown in Fig. 3 and 4. Resistivity is 
function of both grain size and composition. The grain size 
is also a function of composition and decreases with in- 
creasing silicon composition as shown in Fig. 5. 

Resistivity of as-deposited films increased with increas- 
ing silicon composition as shown in Fig. 6, although the re- 
sistivity decreased with the decrease of grain size. Lower 
resistivity was obtained in the surface reaction films, in 
spite of the fact that smaller grains were formed. This is 
due to the formation of a conductive, amorphous W-rich 
layer at the substrate interface, as is shown in Fig. 9. 

Composition.--We found in the RBS film composition 
measurements  shown in Fig. 2 that the composition profile 
became less uniform at the interface region as the deposi- 
tion temperature was decreased. The in-depth Si composi- 
tion profile for films deposited at 610 ~ (diffusion reaction), 
570 ~ and 530~ (surface reaction) was determined by RBS 
measurement  and is shown in Fig. 7, where the WF6 flow 
rate and pressure were 18 sccm and 0.5 torr, respectively. 
In  this figure, the zero depth is the surface of the film. 
WSiflSi interface is also shown. 

A uniform composition with thickness was obtained for 
films deposited by the diffusion process. In the film by the 
surface reaction process, however, lower Si composition 
layers (W-rich layers) were formed at the interface, as seen 
in this figure. That is, W-rich layers were formed at the ini- 
tial stage of the deposition. The composition increased 
with subsequent  deposition and uniform in-depth compo- 
sition profiles were obtained in the upper  film. This result 
shows that the reduction of WF6 is caused by the Si surface 
rather than by DCS during the initial film nucleation. The 
reduction of WF6 is accomplished by DCS during subse- 
quent  film deposition. In-depth composition profile meas- 
urements were performed for films deposited at different 
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temperatures and WF6 flow rates. The amount  of composi- 
tion change, hx, defined in this figure, obtained from these 
measurements,  is shown in Fig. 8 as function of deposition 
temperature,  where WF~ flow rate was 15 and 21 sccm. 
Numbers in parentheses are the composition at the inter- 
face. As seen in this figure, the amount  of composition 
change, hx, decreased with increasing deposition tempera- 
ture. Tungsten-rich layers disappeared and uniform pro- 
files were obtained when the deposition was performed at 
high temperature. The amount  of composition change, hx, 
also decreased with decrease of  WF6 flow rate. These re- 
suits indicate that a uniform composition profile can be 
obtained when the deposition is performed at high tem- 
peratures with higher Si compositions. 

Nucleated films.--Details of the film properties at the in- 
terface were studied. Thin films (around 300A thick) were 
nucleated at chuck temperature of 530 ~ and 610~ on Si 
with short duration deposition time (30s). Grain growth of 
the nucleated thin DCS WSix films were examined using 
the glancing angle x-ray diffraction technique. The spectra 
are shown in the upper trace of Fig. 3 and 4. Different x-ray 
diffraction spectra were obtained between the two thin 
layers. That is, small tetragonal and hexagonal WSi2 peaks 
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ated on the Si surface at chuck temperatures of 530 ~ and 610~ where 
film thickness was 250 and 350~ thick for surface reaction and diffu- 
sion reaction films, respectively. The deposition was performed at DCS 
flow rate of 670 sccm, WF6 flow rate 18 sccm, and pressure of 0.5 torr. 

Fig. 10. Cross-sectional transmission electron micrograph of DCS 
WSi~ film deposited on Si at a chuck temperature of 530~ (surface re- 
action), where the deposition was performed at DCS flow rate of 670 
sccm, WF6 flow rate of 18 sccm, and pressure of 0.5 torr. 

appeared in the thin diffusion reaction film (350A thick) at 
1 o �9 �9 6 0 C. However, no evident peaks were observed m the 

thin surface reaction film (250A thick) deposited at 530~ 
Although the surface reaction film deposited at chuck tem- 
perature of 530~ was annealed at 610~ as-deposited and 
annealed spectra were invariable. This result indicated 
that amorphous or microcrystalline layers were nucleated 
by surface reaction with Si. 

In the diffusion reaction films shown in Fig. 3, the inten- 
sity ratio of tetragonal to hexagonal peaks, T(002)/H(101), 
was 1.0 in the nuclea ted  thin film (350A). This ratio in- 
creased to 5.0 in the thick diffusion reaction film (2700A 
thick) as shown in the lower trace of  Fig. 3. That is, the te- 
tragonal WSi2 grains were grown during the subsequent  
film deposition. 

Exact composit ion profiles of the nucleated thin films 
formed at the interface were examined by the glancing 
angle RBS measurement  (10). Figure 9 demonstrated the 
in-depth composition profile for thin films deposited by 
diffusion and surface reaction where film thickness was 
350 and 250A. Zero depth is the surface of the film and the 
interface with Si is also shown. The composition of the nu- 
cleated films was held at around 2.5 and was the same with 
the thick diffusion reaction film shown in Fig. 7. 

However, in the thin film deposited by the surface reac- 
tion, a W-rich layer with a composit ion of around 1.5 was 
first nucleated on the Si surface. The composition in- 
creased as the thickness increased, although the DCS-to- 
WF6 flow rate was held at 44.6. Such low composition films 
were nucleated on Si because WF6 was reduced by the Si 
surface rather than by DCS. However, the reduction by the 
Si surface changed to DCS during subsequent  film deposi- 
tion. As a result, Si composit ion of the film increased and 
reached a constant with increase of thickness as seen in 
this figure. 

The cross-sectional transmission electron microscope 
photograph for the film deposited from the surface reac- 
tion examined above is shown in Fig. 10. As indicated by 
in-depth composit ion profile (Fig. 9) and x-ray diffraction 
spectra (Fig. 4), the dark area at the interface is a W-rich 
amorphous layer nucleated by the surface reaction. The 
film changed to a crystalline layer as the film increased as 
seen in this photograph and in Fig. 4. WSi2 grains can be 
seen in the uniform composit ion region. 

Conclusions 
The following conclusions were obtained from these ex- 

periments. 
1. When deposition of DCS WSi~ film was performed at 

different chuck temperatures above 550~ diffusion was 
the rate-limiting reaction process. Uniform, in-depth com- 
position profiles were obtained. 
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2. In surface react ion rate. l imit ing deposition, which oc- 
curred at chuck tempera tures  below 550~ a W-rich amor- 
phous layer is formed at the interface with the Si substrate.  
Thi~ layer is nucleated by  the surface reaction of WF~ with 
Si. Nonuniform, in .depth  Si composi t ion profiles become 
more uniform with increase of deposi t ion temperature.  

3, The nucleated layers on Si by  the surface reaction are 
amorphous  with the Si composit ion,  x, below 2.0. These re- 
sults indicate that  control  of the surface reaction is needed 
to deposi t  films with a uniform composi t ion profile. 
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Luminescence and Energy Transfer Phenomena in Ce Tb 3+ 
Doped K3La(P04)2 

A. M. Srivastava, *'1 M. T. Sobieraj,** A. Valossis,** S. K. Ruan, 2 and E. Banks* 
Department of Chemistry, Polytechnic University, Brooklyn, New York 11201 

ABSTRACT 
3+ 3+ Energy transfer from Ce to the Tb ion has been observed in K3La(PO4)2. It is shown that energy migration among 

the Ce 3+ ions is of no consequence as a result of which the transfer characteristics can be described adequately by a single 
step Ce s+ to Tb ~+ energy transfer. The critical distance of this transfer is estimated at 6.5A. A model is used to explain the 
I~a+/Ic~ ~+ intensity ratio with increasing Tb 3+ concentrations in K~La0.99-=Ce0.01Tb=~PO4)2. 

Energy transfer  from Ce 3§ to Tb 3§ ions in inorganic sol- 
ids has been a subject  of numerous  investigations. This is 
because phosphors  showing Ce3+-Tb 3+ energy transfer 
may  be used industr ial ly  as green components  in low pres- 
sure mercury  vapor  lamps.  Further ,  these two rare earth el- 
ements, combined  as activators in a LaOBr matrix,  give an 
efficient green emit t ing phosphor,  which can be used for 
x-ray intensifying screens (1-3). 

According to Dexter 's  theory (4) the efficiency of energy 
transfer is mainly de termined by the overlapping between 
the Ce ~+ emission and Tb 3§ excitat ion spectra. 

In  this communicat ion  we correlate the rare earth distri- 
but ion within the cationic sublatt ice of the or thophophate  
K3La(PO4)2 with regard to the Ce~+-Tb 3+ energy transfer 
and quant i ta t ively evaluate this transfer  in this host. 

The structure of K3La(PO4)2, which is i somorphous to 
K3Nd(PO4)2, has been descr ibed by  Hong and Chinn (5). 
This compound crystallizes in the monoclinic system with 
space group P21/m (Z = 2). The basic structural  units are 
isolated PO4 te t rahedra  and isolated LaOv linkages to three 
pairs of La atoms at distances of 4.892, 5.652, and 6.289A, 
respectively. The La site, which has mirror  symmetry,  is 
surrounded by  seven oxygen atoms, of  which six are near 
inversion positions. 

Experimental 
Polycrystal l ine samples  have been prepared from stoi- 

chiometric mixtures  of K2CO3, rare earth oxides (99.99%, 
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Aesar Chemicals), and NH4H2PO4 in essentially the same 
manner  as descr ibed in Ref. (5). This consisted in preheat-  
ing the mixtures  at 200 ~ for 5h to decompose  K2CO3, and 
holding the tempera ture  overnight  at 1220~ to convert 
any metaphosphate  to orthophosphate.  Two heating pe- 
riods, with intermit tent  grinding, in an a tmosphere  of pure 
and dry nitrogen, followed by final annealing at 1200~ 
under  97% N2-3% H2 a tmosphere  gave single-phase materi- 
als as evidenced by  their  x-ray diffraction patterns (CuK 
radiation, Phil ips automated diffractometer system). 

Heat- t reatment  under  reducing a tmosphere  is essential 
in order to avoid the presence of tetravalent  cerium or ter- 
b ium in the materials.  I t  has been demonstra ted that  the 
Ce 4+ and Tb 4§ ions, in spite  of  their  weak concentration, 
could play the role of energy t rapping defects in some or- 
thophosphate  hosts (6). 

Optical measurements  were carried out as described in 
Ref. (7). 

Results and Discussion 
Ce 3+ luminescence in K3Lao.95Ceo~o5(POc)Jor 0 < x < 0.20.-- 

The Ce ~+ ions shows efficient ultraviolet  luminescence in 
this host  lattice. As an example  Fig. i shows the Ce ~+ emis- 
sion (~exc = 310 rim) and excitat ion (~,~m = 337 nm) spectra 
of K3La0.9~Ce0.0~(PO4)2. 

At room temperature,  the excitat ion spect rum consists 
of a broad band centered at 310 nm. Excitat ion into this 
band yields the emission spect rum which is clearly a dou- 
blet. The energy difference be tween the two emission 
maxima  is roughly 2000 cm -1 and corresponds to the 
energy difference between the spin-orbit  split  2F~/2 and 2F7/2 
ground states. 

We evaluated the dependence  of  Ce 3+ emission intensity 
against  the Ce ~+ concentrat ion in K3Lal-xCex(PO4)2 only in 




