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ABSTRACT 

Face-to-face wafers were used to observe anomalous tungsten deposition in the gap-edge between wafers. In the 
WF6-H2 atmosphere, three regions are identified: (i) an open-deposition region (region A), (it) a half-sealed deposition 
region (region B), and (iii) an etching or tunnel  region (region C). In the WF6-Ar atmosphere, there are only two regions: (i) 
an open deposition region (region A'), and (it) a half-sealed deposition region (region B'). The third region disappears 
because HF does not form in the absence of H2. Different chemical reactions are expected in different regions, dictated by 
the local gas composition. A half-sealed structure model proposed here is supported by thermodynamic calculations, and 
applied to explain encroachment, wormholes, and other well-known effects during the chemical vapor deposition of 
tungsten from tungsten hexafluoride. 

The chemical vapor deposition of tungsten (CVD-W) pro- 
cess is attractive for ultralarge scale integration (ULSI) 
technology. 1'2 For multilevel interconnection applications, 
both blanket  and selective deposition of tungsten (W) films 
can be used. It is common knowledge that the CVD-W pro- 
cess is sensitive to the surface condition and thus to the 
precleaning processes prior to the deposition. Various ab- 
normal phenomena and microstructures in submicrometer 
dimensions have been observed. These include the self-lim- 
iting nature of the W growth by silicon (St) reduction of 
tungsten hexafluoride (WF6), the surface and interface 
roughness, the formation of microtunnels (wormholes), the 
formation of encroachment, the oxygen and fluorine accu- 
mulat ion at the W/St interface, and the oxygen residuals 
between the hydrogen (H2)-reduced and St-reduced W lay- 
ers, e t cY  2 Different mechanisms have been proposed to 
explain these phenomena. However, a consistent interpre- 
tat ion of the observations is not yet available in the litera- 
ture, despite many publications. Thus, this paper is devoted 
to systematically establishing a half-sealed structure 
model which can explain consistently all the above-men- 
tioned observations documented in the literature. ~3-18 We 
show that these phenomena are intimately related and can 
be traced back to a common formation mechanism. 

Experimental 
Both cold-wall and hot-wall low pressure CVD reactors 

were used for sample preparation for comparison. Argon 
(Ar, 99.9999%), H2 (99.9999%), and WF6 (99.8%) were em- 
ployed as the reactants or carrier gas. Silicon wafers of 
both n-type (phosphorus-doped) and p-type (boron- 
doped), and of <100>-orientation, were always loaded at 
room temperature (<30~ During ramping up the sub- 
strate temperature, the Si surface was protected by purging 
it in H~ or Ar. When a stabilized temperature was estab- 
lished, 6 sccm WF6 and 200 sccm H2 or Ar were introduced. 
The base pressure of the reactors was lower than 0.1 Pa and 
the total pressure during deposition was 100 Pa. When the 
deposition procedure was ended, the whole system was 
then cooled down to room temperature under  the H2 or Ar 
gas protection, before unloading the wafer. The deposition 
time was 15 min, unless specified otherwise. 

The samples were prepared as follows. A smaller bare Si 
wafer or an oxidized Si wafer part ly covered a bare Si 
wafer face-to-face. Both the bare Si wafers were etched in 
a 1% hydrogen fluoride (HF) solution, rinsed in deionized 
water, and blow-dried by nitrogen gas immediately prior to 
W deposition. The oxidized Si wafer had a 750 nm (wet) 
thermal oxide on its surface, therefore it was cleaned only 
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in deionized water before being loaded into the reactor. 
Designed in this way, the surface region on the lower big 
wafer close to the periphery of the upper covering wafer 
constituted the most important part  of the study. 

Besides this configuration, ordinary (no covering wafer) 
Si wafers with and without native oxide were used for W 
deposition. Samples were analyzed by alpha-step meter, 
scanning electron microscope (SEM), and x-ray fluores- 
cence (XRF). 

Results 
On ordinary Si wafers.--The W thickness on ordinary 

(no covering wafer) Si wafers with and without native ox- 
ide was measured by XRE In the presence of H2, the thick- 
ness of W films deposited on the Si wafer without native 
oxide was 11.7 nm, while that on the Si wafer with native 
oxide was 29.0 nm. In the absence of H2 but with Ar as the 
carrier gas, the W films on Si wafers without native oxide 
were 10.8 nm thick after 15 min deposition and 9.2 nm after 
180 min deposition, a typical result of self-limiting deposi- 
tion of W. 

On partly protected Si wafers.--The upper covering 
wafer was taken away after the deposition. An alpha-step 
meter was used for mapping the surface morphology of the 
Si wafer of larger dimension. Figures la -d  illustrate typical 
results obtained from samples prepared in the WF6-H2 at- 
mosphere. Three regions are identified for all these figures. 
Region A represents an open-deposition area, where the Si 
surface was exposed to the main gas flow during deposition 
and only thin W films were deposited. The W deposition 
rate of H2 reduction in region A for these part icular samples 
was lower than 1.0 nm/min. Region B is the half-sealed 
deposition region, which was the surface area close to the 
periphery of the upper covering wafer of smaller dimen- 
sion, but  still under  it. A much thicker W layer ca. 200 nm 
was deposited in this region, and a deposition rate of H2 
reduction in region B greater than 12 nm/min  was found. 
Finally, region C represents an etch area under  the upper 
covering wafer of smaller dimension. Here, a dip, observed 
by the eyes as a black line in the Si surface, was detected, 
indicating Si etching in this area. The maximum depth of 
the dip was ca. 120 nm (Fig. la-d). The area far toward the 
r ight-hand side of these figures was the center under  the 
smaller covering wafer, and the original Si surface there 
did not change during the deposition. 

The comparison between the depositions on n- and p- 
type Si substrates (Fig. la  vs. Fig. lc  and Fig. lb  vs. Fig. ld, 
respectively) shows no obvious difference. There is, how- 
ever, a difference between the degree of the Si substrate 
etching under  the bare Si wafer and that under  the thick 
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Fig. 1. (a to d) Surface morphology of Ihe samples prepared in WFe-H~ for 15 min. 
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Fig. 2. (a and b) Surface morphology of the samples prepared in WF+-Ar for 15 min. 

oxide wafer in region C (Fig. la  vs. Fig. lb  for n-type and 
Fig. lc  vs. Fig. ld  for p-type, respectively); more erosion in 
the Si substrate is found in the ordinary Si wafer under  the 
thick oxide covering wafer. 

Figures 2a and 2b depict the deposition results prepared 
in the WF6-Ar atmosphere. The etching or tunnel ing region 
completely disappears and only the 0pen-deposition region 
(region A') and the half-sealed deposition region (region 
B') are present. The depth in region B' (i.e., the height from 
the W surface) was about 40 nm, which is a consequence of 
the volume shrinkage of Si reduction. 

Prolonging the deposition time from 15 to 180 min in the 
same WF+-Ar atmosphere, the depth in the half-sealed de- 
position region (region B') increased to 130 nm, while the W 
thickness in region A' was essentially the same as that  after 
the 15 min deposition, as shown in Fig. 3a and b. This indi-  
cates the deposition in the half-sealed deposition region 
(region B') of the WF6-Ar atmosphere is not self-limiting. 

Surface morpho logy . - -  The W films formed in region A 
are very smooth, observed by SEM (Fig. 4a). This was the 
same for the W deposited on bare Si wafers without native 
oxide. The W films deposited in region B (Fig. 4b) or de- 
posited on ordinary Si wafers with native oxide are very 
rough. 

Thermodynamic Calculations 
To understand the above experimental observations, 

some relevant equilibrium systems are considered below. 
The thermodynamic data of the substances used in the cal- 
culations are the same as in Ref. 17. Figure 5 is the phase 

diagram for the interaction between WF0 and silicon diox- 
ide (SIO2) and Fig. 6 shows the corresponding equilibrium 
gas composition. 

The input  substances used for the equilibrium calcula- 
tions consisted of one gas species (WF+) and one solid phase 
(SiQ). In reality the interaction between WF6 and SiO2 only 
occurs on the SiO2 surface, since substantial  diffusion of 
WF0 into the SiO2 bulk is not likely to take place. Hence, the 
amount of SiO2 which takes part in the reaction is expected 
to be small. The calculations also must cover the range of 
small molar ratios of the solid substance to the gas species. 
Based on the calculations, if the initial  molar ratio of SiO~/ 
WF+ is in the range below 0.5 to 1, dependent on tempera- 
ture, only the gas products are produced (Fig. 5). As seen in 
Fig. 6, tungsten oxytetrafluoride (WOF4) predominates the 
gaseous reaction products over the whole range of the ini-  
tial S i Q  to WF6 molar ratios used for the calculations, al- 
though silicon tetrafluoride (SiF4) is also an important gas 
species. Therefore, the overall chemical reaction under 
such conditions may be simplified as 

2WF0 + SiO2(s) = 2WOF4 + SiF4 [1] 

Further calculations were carried out to study the inter- 
action between WOF4 and W (Fig. 7) and between WOF4 
and Si (Fig. 8). In both chemical systems, i.e., the WOF4-W 
and WOF4-Si interactions, the solid tungsten oxytrifluo- 
ride (WOF3) almost always is formed. The formation of 
WOF3 is important in the CVD-W process, and is discussed 
later. 
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Fig. 3. (a and b) Surface morphology of the samples prepared in WF6-Ar for 180 min. 

Fig. 4. (a and b) SEM pictures showing the morphology of the W film surfaces. 

The equil ibrium gas composition of the interaction be- 
tween HF and S i Q  (i.e., etching of SiO2 by HF) was calcu- 
lated under  the same conditions of 100 Pa and 300~ The 
results are shown in Fig. 9 and the overall chemical reac- 
tion can be writ ten as 

4HF + SiO2(s) = SiF4 + 2H20 [2] 

The Half-Sealed Structure Model 
The experimental results shown in Fig. 1 through 3 

clearly suggest that different chemical reactions prevail in 
different regions, both for the WF6-H2 and the WFs-Ar at- 
mosphere. In the open-deposition region of the WF6-Ar at- 
mosphere (region A'), the Si reduction of WF6 is self-limit- 
ing. This is not so in the half-sealed deposition region of the 
WFs-Ar atmosphere (region B'), and longer deposition time 
results in thicker W layers (Fig. 3 vs. Fig. 2). For the WF6-H 2 
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Fig. 5. Phase diagram of the SiO2-WF6 system. Total pressure: 
100 Pa. 

atmosphere, the interaction between WF5 and Si predomi- 
nates the initial deposition until a certain thick W layer is 
formed, and thereafter the H2 reduction of WF6 takes over. 
The W deposition rate of H2 reduction in the half-sealed 
deposition region of the WF6-H2 atmosphere (region B) is 
much higher than that in the open-deposition region (re- 
gion A). Moreover, the appearance of the Si etching region 
(region C) is closely related to the involvement of hydrogen 
(Fig. I). 
Based on these results as well as the thermodynamic cal- 

culations, a half-sealed strueture model now is systemati- 
cally proposed. Because of volume shrinkage in the W de- 
position by Si reduction of WF6 (a factor of about 1.9), 
half-sealed structures are easy to form under native oxide 
or at the corner of patterned oxide windows. ~'~ Inside the 
structures, the mass transport of the gas molecules is lim- 
ited. Then, 

I. The gas composition inside the structure is assumed to 
be different from that in the bulk vapor atmosphere. The 
concentration of tungsten subfluorides, WF~ (n = i,... ,5), 
then is higher inside the structures. In the presence of H2, 
HF also must be considered. 

2. Referring to the thermodynamic calculations, the for- 
mation of a solid tungsten oxyfluoride, WOF3, is favored in 
the presence of a trace of oxygen. This compound is ther- 
modynamically stable under the experimental conditions 
used here. Thus, we assume that the formation of WOF3 is 
the major cause responsible for the self-limiting nature of 
the W deposition by Si reduction. WOF3 is a diffusion bar- 
rier for WF6. Considering the smaller molecular size and 
the more active nature of WF~ (n = i,... ,5), they, to some 
extent, can penetrate through WOF~. 

Therefore, the predominant  reactions in different regions 
in the WF~-H2 atmosphere may be expressed as below. 

In the open deposition region (region A) . - -  

(i) For the W deposition 

2WF5 + 3St(s) = 2W(s) + 3SiF4 [3] 
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Fig. 6. Equilibrium gas composition of the SiOz-WF6 system. 

WF6 + 3H2 = W(s) + 6HF [4] 

(ii) For  the  fo rmat ion  of oxyfluorides ,  which  is re la t ive  to 
the  se l f - l imi ted  W growth  

WF~ + (O) = WOF~(s) + ... [5] 

Oxygen  in t race  quan t i t y  can be  a resul t  of leakage,  oxy-  
gen-con ta in ing  impur i t ies  in gases, or  gas res iduals  in the  
reac t ion  chamber.  

In the half-sealed deposition region (region B).--  

(i) For  the W depos i t ion  

WF, + n/4 Si(s) = W(s) + n/4 SiF4, (n = 1 . . . . .  6) [6] 

WF,  + n/2 H2 = W(s) + nHF, (n = 1 . . . .  ,6) [7] 

The  tungs ten  subf luor ides  (i.e., WF,, n = 1 , . . .  ,5) are  an t ic -  
ipa ted  to be  more  chemica l ly  reac t ive  than  WF6. Thus, 
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higher  deposi t ion  rates  are  expec ted  in region B than  in 
region A, which  has  been  seen in Fig. l a -d .  

(ii) F o r  the  fo rma t ion  of oxyf luor ides  (in add i t ion  to reac-  
t ions 1 and 5 

WF6 + (O) = WOF4  + .  �9  [8] 

4WOF4 + Si(s) = 4WOF3(s) + SiF4 [ga] 

WOF4 + W(s) = WOF~(s) + W F ,  [gb] 

2WOF4 + H2 = 2WOF~(s) + 2HF [9c] 

(iii) The in te rac t ion  b e t w e e n  SiO2 and f luor ides  

Besides SiO2 e tch ing  by WF6 and H F  (i.e., react ions  1 and  
2), some react ions  be tween  tungs ten  subfluorides,  WF,  (n = 
1 , . . .  ,5), and oxide  can t ake  place.  
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In the etching region (region C).-- 

4HF + St(s) = SiF~ + 2Hz [10] 

The predominant  reactions in different regions of the 
WF6-Ar atmosphere (region A' and region B') basically are 
the same chemical reactions as in corresponding region A 
and region B of the WF~-H2 atmosphere, bu t  those reactions 
involving hydrogen, i.e., reactions 4, 7, 9c, and 10, are 
excluded. 

Now, the half-sealed structure model can be used to dis- 
cuss our experimental results. In our experiment, when one 
Si wafer is lying on the other, the interval between the 
wafers is very small, sufficient for forming a half-sealed 
structure. The mass transport  of the gas molecules is lim- 
ited in this area between the two wafers. Thus, a different 
gas composition is anticipated in  this region from that  in 
the bulk vapor atmosphere. However, this interval is con- 
sidered far beyond (i.e., much larger than) the submicrome- 
ter range where the various features have been observed 
frequently. This explains the much larger dimensions (on 
the order of hundreds, and even a thousand, micrometers) 
for the W formation in region B or region B' and the Si 
etching in region C, as compared with the corresponding 
observations in the literature. 3-I~ 

In the presence of H2, the low deposition rate of H 2 reduc- 
tion in region A essentially may be accomplished by H2 
reduction of WF6. In region B, the high deposition rate of H2 
reduction may be a result of Ha reduction of WF~ (n = I, 
�9 ,5). In region C, the highly concentrated HF may etch Si 
rapidly, and tunnels (wormholes) are formed. 

In the absence of H2, the deposition of W in region A' is 
self-limiting, because of the diffusion barrier  WOF3 to WFe 
In region B',  the highly concentrated WF, (n = 1 . . . .  ,5) may 
penetrate the barrier, leading to more W deposition. Since 
no hydrogen is present, the etching region is not found, as 
expected�9 Thus, no tunnels or wormholes are observed in 
the WF6-Ar atmosphere. 

Further Applications of the Model 
Self-limiting nature of  W deposition by Si reduct ion. - -W 

deposition by Si reduction of WF8 has been shown to be a 
self-limiting process2 -~~ Lifshitz proposed that  there ex- 
isted a passivation compound which was responsible for 
the self-limiting effect in the W deposition, l~ The com- 
pound which forms a continuous layer or is mixed with 
pure deposited W was further suggested to be tungsten te- 
trafluoride (WF4). WF4 was assumed to be a nonvolatile 
compound under the experimental conditions commonly 
used. Based on our thermodynamic studies, this passiva- 
tion compound is WOF3. 

Thermodynamic calculations predict that WOF~ is va- 
porized above 300~ under ultrahigh vacuum (UHV) condi- 
tions. Therefore, the W deposition by Si reduction of WF~ 
under  UHV conditions may result in unlimited deposi- 
tions. ~8 In  Ref. 18, the unl imited deposition of W in a cold- 
wall low pressure CVD reactor was reported. However, 
oxygen (20 to 25%) was present in the so-called as-de- 
posited St-reduced W film (see Fig. 4a in Ref. 18). It was a 
WO= film, not a W film. The large amount  of oxygen due to 
the leakage upstream may oxidize WOF3. 

Si02-WF6 interaction in the presence of H2.-- The reactiv- 
ity of SiO2 in the WF6-H2 atmosphere has been controver- 
sial. A recent publicat ion claimed that there was no evi- 
dence of any interracial reaction between SiO2 and WFB 
during W deposition by Ha reduction of WF6. ~9 The forma- 
tion of voids at the W/SiOz interface was revealed in the 
same article by transmission electron microscopy (TEM) 
(see Fig�9 12 in Ref. 19). No explanation for the void forma- 
tion was given 

In our model, the half-sealed structures may be sur- 
rounded by solid phases other than Si and SiO,. Thus, to- 
gether with the underlying SiO2, the hill-like W deposits on 
SiO2 provide the necessary environment for forming the 
half-sealed structures there. Referring to the model, the 
concentration of WF~ (n = 1, �9 . . ,5) and HF may be suffi- 
ciently high inside the structures (partly sealed by the W 
crystals) to etch SiO2 and form voids. 

Formation of wormholes in the presence of H2.--Stocy 
et al. suggested that the W particles at the end of worm- 
holes played a role in catalyzing the reaction between Si 
and fluoride compounds produced from the reaction of WF8 
and Si. 4 SiF~ now is the primary reaction product. Paine 
et al. proposed another mechanism at tr ibuting the worm- 
hole formation as a result of the interaction between Si and 
HE 12 Green etal .  further ascribed the formation of worm- 
holes as the catalytic gasification of Si by HE s However, 
some questions remain unanswered. 

Generally, the wormholes or tunnels are found under 
thick native oxide or in the corner regions where SiO2, St, 
and W meet.~'5'8'~2 Moreover, the W particles at the end of the 
tunnels are neither consumed nor enlarged during the tun-  
nel formation. 

According to our model and the experimental observa- 
tions in Fig. 1, wormholes may form only in the etching 
region (region C), i.e., close to the end of the half-sealed 
structures. In this region, gaseous W compounds essentially 
are depleted. Occasionally, new nuclei of W particles may 
form on the Si surface from trace tungsten fluorides, and 
then tunnels may start to grow�9 Since HF does not etch the 
W deposits formed under our experiment conditions sub- 
stantially, the W particles at the end of the tunnels must  be 
kept constant in size�9 

Formation of encroachment - -Because  of the volume 
shrinkage during W deposition from Si reduction of WF~, 
the interaction between Si and WF6 at the foot of a pat-  
terned oxide window leads to the formation of encroach- 
ment under  the oxide, which is a perfect half-sealed struc- 
ture. Pictures of such encroachments are available in the 
li terature (see, for instance, Fig. 2b in Ref. 5). Similar en- 
croachment morphology can be seen in Fig. 2 and 3 of this 
paper, if the upper small Si wafer should be included in the 
drawings. Encroachment also may form in the presence of 
H2, and the void is later fiUed by W deposits, or left unfilled 
as the inlet of the encroachment structure is completely 
sealed by W deposited by the H2 reduction of WF6.7 

Oxide residuals between the Si  reduced and H2 reduced 
W layers.--In the presence of Hz, W deposition begins with 
the Si reduction of WF6 and W grows under a thin native 
oxide (<2 nm) through pinholes�9 A half-sealed structure is 
then formed. When the thin oxide layer is etched through 
inside out by the interactions between SiO~ and WF~, (n = 
1, . . .  ,6) as well as between the SiO2 and HF, the half-sealed 
structure is destroyed and the Si reduction is terminated. 
The W deposition continues with H2 reduction of WF6 and 
the rest of the oxide layer is buried�9 Hence, some oxide 
residuals may be left between the St-reduced and H2-re- 
duced W layers. Figure 2 in Ref. 4 gives excellent evidence 
of such oxide residuals. 

In the absence of H2, such phenomena are not expected, 
referring to our model. 

Fluorine and oxygen accumulation at the W/Si  inter- 
face . - - I t  has been reported that after W deposition, fluo- 
rine and oxygen were accumulated at the W/St inter- 
face? '~~ According to our thermodynamic studies, solid 
state W-O-F compounds such as WOF3 are stable under  the 
experimental conditions commonly used in W deposition. 
Native oxide on the Si surface and the trace of oxygen in 
ordinary CVD processes is inevitable and provides the oxy- 
gen source for the formation of the W-O-F compounds in 
the beginning of the W deposition. 

Influence of  native oxide on W deposit ion.--Busta and 
Tang conducted a systematic study on the influence of na-  
tive oxide on W deposition. 6 When the native oxide is ca. 0.5 
and 2 nm thick, the self-limiting thicknesses of the de- 
posited W films are 10 and 200 nm, respectively. Broadbent 
et al. proposed a pinhole model earlier to explain the de- 
pendence of the W film thickness on native oxide} How- 
ever, it was later pointed out by Green et al. that the pinhole 
model does not provide a satisfactory picture to reveal the 
relationship between the thickness of native oxide and that 
of the deposited W. ~ Referring to the pinhole model, the 
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vertical W growth under  each pinhole is self-limited and 
only proceeds laterally under native oxide. Only a few 
monolayers of the continuous W film are sufficient to ter- 
minate further W growth by Si reduction, as the W growth 
on a clean Si surface. This is contrary to the experimental 
observations. Moreover, the W films were not continuous, 
according to TEM observation. 8 

This phenomenon can be interpreted using the half- 
sealed structure model. On a clean Si surface, the Si reduc- 
tion of WF6 quickly ceases to proceed over the whole Si 
surface, because of the formation of a mixed W film (of ca. 
10 nm thickness) which in turn  is covered by a passivation 
WOF3 layer or consists of W and WOF3. WF6 molecules are 
not able to penetrate through WOF3. Such depositions al- 
ways end up with a smooth W surface and a sharp W/St 
interface. This corresponds to the W deposition in the 
open-deposition region (region A or region A'  in Fig. 1 to 3). 

When a thin native oxide film is present on the Si surface, 
the deposition reaction begins in the pinholes of native ox- 
ide. Microhalf-sealed structures are then formed under 
thin native oxide, again because of the volume shrinkage 
associated with the Si reduction. The half-sealed structures 
limit the mass transport of the reaction intermediates, i.e., 
WF~ (n = 1 , . . .  ,5), and thus keep a much higher concentra- 
tion of the intermediates inside the structures than in the 
bulk vapor atmosphere. A thicker W film forms, because 
WFn (n = 1 . . . .  ,5) can penetrate through WOF3. Since the 
penetration can be nonuniform, the W/St interface as well 
as the W surface can be very rough. This has been seen in 
the half-sealed deposition region (region B or region B') in 
our experiment (Fig. 1 to 3). At the same time during W 
growth, native oxide is etched away gradually by the tung- 
sten fluorides, i.e., WFn (n = 1, . . . ,6) (and HF, if in the 
presence of H2). As the native oxide film is consumed, the 
half-sealed structure is destroyed and the concentrations of 
WF~ (n = 1, . . . ,6) resume the same values as in the bulk 
vapor atmosphere. The Si reduction is then interrupted. 
Therefore, in general the thicker the native oxide (but still 
<2 nm), the longer the Si reduction process lasts, then the 
thicker the self-limiting thickness of W layer and the 
rougher the W surface and W/St interface are. 

If the native oxide is too thick (>2 nm), WF6 is depleted 
before it reaches the Si substrate through the pinholes. No 
W films may be deposited now, which shows the deposition 
selectivity of the process. 

The history effect of the pretreatment, the thickness ratio 
of the consumed Si to the forming W in Si reduction of WF6, 
the kinetics and conformal deposition for filling deep via 
windows all can be connected with the half-sealed struc- 
ture model. 

There is a fundamental  difference between the half- 
sealed structure model and the pinhole model. The former 
takes into consideration the important role of subfluorides 
and the chemical reaction between SiO2 and fluorides as 
the W growth proceeds under each pinhole. Thus, the half- 
sealed structures may be destroyed when the S iQ  is being 
etched through inside out. This process is presented sche- 
matically in Fig. 10. 

Conclusion 
A half-sealed structure model has been proposed to ex- 

plain the self-limiting nature in selective W deposition and 
the formation of some defects and morphological charac- 
ters. Because of the presence of the surrounding materials 
(i.e., St, SiO2, W, etc.), the exchange between the vapor 
phase inside the half-sealed structures and that in the bulk 
vapor atmosphere is limited, thus different gas composi- 
tions are expected. Consequently, different chemical reac- 
tions may be expected in different regions. In the presence 
of H2, there are three regions: (i) the open-deposition region 
(region A), (it) the half-sealed deposition region (region B), 
and (iii) the etching or tunnel ing region (region C). The 
deposition rate by H2 reduction was much higher in region 
B than that in the usual open-deposition region. Worm- 
holes only form in the etching region at the end of the W 
deposits. However, in the absence of Ha, two reaction re- 
gions were identified. (i) In the open-deposition region (re- 

Fig. 10. Schematic diagram of the half-sealed structure model for 
the W deposition on an Si subsh'ate with a thin native oxide. 

gion A'), the Si reduction is self-limiting and (it) in the 
half-sealed deposition region (region B'), a t ime-dependent 
W deposition of Si reduction was obtained. The tungsten 
subfluorides play an important role in the half-sealed 
structure (region B or region B'). The half-sealed structure 
model was used to interpret the morphology of encroach- 
ment in the WF6-Ar atmosphere and other observations in 
the W deposition, e.g., the accumulation of fluorine and 
oxygen at the W/St interface, the oxide residuals between 
the Si reduced and H2 reduced W layers, etc. 
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Low Voltage Cathodoluminescence of Mn2+-Activated ZnGa204 
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ABSTRACT 

ZnGa2Q and Znl_~Mn~Ga~O4 were investigated as potential low voltage cathodoluminescence phosphors for use in 
vacuum fluorescent displays. A low-voltage cathodoluminescence spectrophotometer was developed for phosphor charac- 
terization. Brightness was measured as a function of anode voltage (10 to 300 V). The effects of activator concentration, 
phosphor layer thickness, deposition process, and internal  pressure were examined. The stability of these oxide phosphors 
in high vacuum and absence of corrosive gas emission under  electron bombardment,  offer advantages over commonly used 
sulfide phosphors. 

Recently, there has been a renewed interest in the devel- 
opment of more efficient cathodoluminescent phosphors 
for use in computer screens, high definition television 
(HDTV), and vacuum fluorescent displays (VFDs). 1'2 It is 
well known that for many years cathodoluminescent phos- 
phors have been widely used in cathode ray tubes, image 
intensifiers, and television screens. However, the phos- 
phors used in these applications require electron excitation 
voltages of 8,000 V or more to achieve adequate brightness. 
Such high voltages are impractical for the upcoming tech- 
nology in the area of luminescence and display materials. 
For example, VFDs to be used as indicators on aircraft 
control panels or on automobile dashboards require 12 to 
25 V dc for operation, z The Washington Post recently re- 
ported that by the next century, today's television sets will 
be outmoded and high definition cathode ray picture tubes 
will have arrived. 1 It has been reported that flat panel dis- 
plays (FPDs) will soon begin replacing other displays on 
automobile dashboards, medical equipment, and aircraft. 3 

Sulfide-based phosphors such as ZnS:Cu,A1 and (Zn, 
Cd)S:Ag,C1 are presently used in VFDs. These materials 
have been known to emit contaminant  gases when bom- 
barded by electrons. ~7 These gases proceed to corrode the 
oxide coating of the cathode filament, the most important 
VFD component and ultimately lead to filament deteriora- 
tion. For this reason, an alternative to sulfide phosphors is 
needed. The present study focuses on ZnGa204 and Mn 2+- 
activated ZnGa20~. ZnGa20~ is a self-activated phosphor 
that is blue-emitt ing under  excitation by both ultraviolet 
light and low voltage electrons. 4 Znl_=MnxGa204 emits 
green luminescence when excited by both ultraviolet light 
and low voltage electrons. 8'9 Both of these phosphors crys- 
tallize in the spinel structure. 

This study attempts to identify the experimental 
parameters required to achieve the maximum brightness 
under  low voltage electron excitation for ZnGa204 and 
Znl_=MnxGa80~. Brightness as a function of anode voltage, 
thickness of phosphor layer, phosphor deposition process, 
Mn 2§ concentration, and internal  pressure of the vacuum 
chamber was investigated. 

* Electrochemical Society Active Member. 
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Experimental 
Synthesis of phosphors.--Phosphors with the general 

formula Zn~_x Mn= Ga20, were prepared by solid-state reac- 
tion techniques with x ranging from 0 to 0.03. The raw 
materials ZnO (Aldrich, 99.999%), Ga203 (Johnson- 
Matthey, 99.999%, metals basis), and MnO (Alfa, 99.5%) 
were thoroughly mixed under acetone in a glass mortar and 
pestle, allowed to dry, then fired in air at 1100~ for 17 h in 
covered alumina crucibles. After a light grinding and mix- 
ing step, the phosphor powders were placed in alumina 
boats, covered, and fired in a reducing atmosphere at 900~ 
for 1 h. After cooling, the phosphor powders were ground in 
an alumina mortar and pestle unt i l  the grain size was 7 to 
10 ~m. The particle size was measured using an Horiba 
LA-700 laser scattering particle size distribution analyzer. 

X-ray diffraction measurements.--The phosphors were 
characterized by x-ray diffraction analysis using a Philips 
PW1729 x-ray diffractometer with Cu-K~ radiation operat- 
ing at 40 kV, 30 mA, and 3~ scanning rate. 

Cathodoluminescence measurements.--The low voltage 
cathodoluminescence was measured at room temperature 
at 10 7 Torr with an in-house designed and assembled low 
voltage cathodoluminescence spectrophotometer. The ca- 
pabilities of this instrument are summarized in Table I. A 
schematic diagram is shown in Fig. 1. Phosphor powder 
was deposited with thicknesses ranging from 2 to 6 mg/cm 2, 
on 4 • 4 mm indium tin oxide (ITO) conductive glass plates 
by a conventional sedimentation method in a solution of 
potassium silicate and bar ium acetate. After sedimenta- 
tion, the wet phosphor screens were placed in a drying oven 
for 10 min at about 200~ The cooled phosphor screens 
were immediately placed inside the vacuum chamber to be 
tested, to prevent absorption of water molecules from the 
ambient  atmosphere. The conductive glass plate was post- 

Table I. Low voltage cathodoluminescent 
spectrophotameter capabilities. 

Pressure 
Anode voltage 
Electron accelerating voltage 
Spot size 
Beam current 

3.0 • 10 -v Torr 
10 to 300 V dc 
10 to 300 eV 
1 cm diam 
7 ~A 
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