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Low pressure chemical vapour deposition (LPCVD) has become the standard method for the 
fabrication of amorphous and polycrystalline silicon films in the semiconductor industry. 
However, as the trends towards lower temperatures, smaller dimensions and more complex 
geometries continue, it is becoming increasingly important to obtain a better fundamental 
understanding of the chemistry and properties of the layers deposited in order to achieve 
better control of the process. In this paper an overview is given of the chemistry, growth 
kinetics, electrical properties and structure of in situ doped polysilicon and of how these 
factors are related to reactor parameters. In addition, the effects of wafer cages on the 
within-wafer uniformity are discussed. Heat treatment using rapid thermal annealing has 
a significant impact on the electrical and structural properties of polysilicon and these effects 
are also examined. 

1. Introduction 
LPCVD has become the dominant process for the 
deposition of layers, such as polysilicon, silicon nitride 
and silicon dioxide, in the semiconductor industry, 
because it offers high film quality, large volume pro- 
duction, good process control and it is readily auto- 
mated [l, 2]. 

Polycrystalline silicon is used for the gate electrode 
in metal-oxide semiconductor (MOS) devices, for the 
fabrication of high value resistors, for diffusion sour- 
ces to form shallow junctions, for conduction lines and 
for ensuring ohmic contact between crystalline silicon 
substrates and overlying metallization structures [-3]. 
For these and other applications it needs to be doped 
to lower its electrical resistance [3-5]. Three main 
methods are utilized for the introduction of dopants 
into silicon. These are ion implantation, diffusion and 
in situ doping during deposition. In the first two 
methods doping is carried out subsequent to deposi- 
tion and normally requires a high temperature anneal 
in order to electrically activate the dopants [3]. In situ 
doping is attractive because doping and deposition 
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can be achieved simultaneously in a single process at 
a low temperature [6], although to activate the 
dopants a high temperature anneal is still required. 
Therefore, the main advantage of in situ doping is that 
it saves one step in the manufacturing process. It is 
carried out in a standard LPCVD reactor [7] and 
involves the introduction of phosphine and silane into 
the furnace containing wafers. The overall reaction 
can be represented as follows 

Px 
SiH4(gas) + xPH3(gas) --+~-(solid) 

( 3 x +  
+ 2 4)H2(gas) (1) 

Very simply, silane decomposes on the wafer surface 
to yield solid silicon atoms and, simultaneously, phos- 
phine cracks on the surface to give phosphorus atoms. 
This process results in the phosphorus atoms being 
incorporated into the growing silicon film. The prop- 
erties of these films are highly dependent on the 
growth conditions and the process chemistry. An 

0022-2461 �9 1995 Chapman & Hall 41 q 5 



understanding of the effects of these factors enables 
the process engineer to develop recipes for reliable 
production processes and to solve process related 
problems. 

Despite the attractive feature mentioned above of 
a single step process, if the in situ doped process is 
operated as a slightly modified standard LPCVD 
polysilicon process, a number of problems are en- 
countered. These include very low growth rate, 
thickness non-uniformity and lack of control of film 
properties ]-6-9]. For  example, the growth rate drops 
dramatically, from around 10nmmin  -1 in the 
undoped case, to about 0.5 nmmin-1  in the doped 
system. Then, there is considerable degradation in 
the thickness uniformity across the wafer, from better 
than _+ 2% to worse than _+ 20%. Therefore, 
processing time is lengthened and the wafer area over 
which devices can be fabricated reproducibly and 
reliably is reduced. In this paper, results from studies 
of the process chemistry both in the gas phase, using 
mass spectrometry, and on the surface are reported 
and reviewed. Results on the effects of key reactor 
parameters on the growth rate, within-wafer 
uniformity, electrical properties and structure are 
also presented. In addition, the effects of annealing 
on the sheet resistance are related to the film 
structure. The insights into the process thus obtained 
are useful in helping to solve some of the problems 
mentioned and in developing an industrially viable 
process. 

2. Experimental procedure 
In this investigation, films were deposited onto sap- 
phire (1i02)  and oxidized silicon wafers of 5.1 and 
7.6 cm diameter, by using a standard LPCVD system 
[7, 8]. Prior to deposition, wafers were cleaned in 
a 2:1 H;SO4/H202 mixture for 55 rain followed by 
a 50 rain rinse in running deionized water (-~ 18 M~). 
The wafers were dried in a spin dryer with Nz ambient. 

Substrates were positioned vertically in a quartz 
boat at a spacing of 5 mm except for experiments 
where the effect of wafer spacing on growth rate was 
studied. Then wafer spacings in the range 5 25 mm 
were used. In selected experiments two types of wafer 
cages were employed, Fig. 5. Type 1 cage was simply 
a circular plate with a recess holding each wafer 
axially symmetric in the centre of the tube. Type 2 cage 
was made of quartz rods enclosing the wafers such as 
has been described before [7, 8]. The fused silica 
reactor tube was contained within a furnace with 
a temperature uniformity of _+ 1 ~ over the hot zone. 
As mentioned, silicon (with 0.1 gm of silicon dioxide) 
and sapphire substrates were used, the deposits on 
sapphire being employed for film thickness measure- 
ments after photolithography and etching of a suitable 
pattern. The deposition temperature was varied in the 
range 58(~675~ The process pressure between 13 
and 26 Pa was achieved by using a rotary pump and 
a throttle control valve. Accurate gas delivery was 
achieved using mass flow controllers for silane, dis- 
ilane and phosphine. The gases used were 100% 
silane, 100% disilane and 1% phosphine in nitrogen, 
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Figure 1 (a)Type 1 and (b)type 2 wafer cages used in the 
deposition of doped polysilicon films. 

with electronic grade nitrogen as a purge gas. The 
silane and disilane flow rates were kept at 50 s cm 3, 
while the flow of the PH3/N 2 mixture was varied to 
obtain different doping levels. Gas flow ratios of 
PH3/SiH~ and PH3/Si2H6 (represented by y) in the 
range 0-4 x 10-a were used. During loading and un- 
loading of the reactor a positive pressure of nitrogen 
was used to ensure that oxygen and moisture contami- 
nation were kept to a minimum. 

Annealing studies were performed using both con- 
ventional and rapid thermal methods under a variety 
of conditions. The conventional heat treatments were 
done at 900 ~ or above in a quartz furnace. An AG 
Associates Heatpulse 2105 system was used for rapid 
thermal annealing. In both cases an atmosphere of dry 
nitrogen was used. Polysilicon samples in this study 
were not coated with oxide layers to prevent loss of 
dopant by evaporation. Sufficient protection was pro- 
vided solely by the native oxide layer normally formed 
on a silicon surface at room temperature [50]. The 
film thicknesses were measured either using a Nano- 
spec optical film thickness monitor, or after etching, 
with a Dektak surface profilometer. 

Carrier concentration and spreading resistance 
were evaluated using an SSR spreading resistance two 
point probe. Dopant  concentration depth profiles 
were evaluated by accurately bevelling the edge of the 
film to a known angle and taking spreading resistance 
readings at exact intervals along the bevel. A depth 
resolution of approximately 2% could be achieved in 
this way. Using this technique it was possible to quan- 
tify the trends in spreading resistance and carrier con- 
centration within a sample and from one sample to 
another. 

Sheet resistance was measured using a standard 
four point probe. The effects of various deposition 
parameters and annealing regimes on the sheet resist- 
ance were studied, giving an indication of the active 
carrier concentration to within _+_ 1%. 



20 

J~ 
'~: 15 

E 
c- 

10 

r 

o 

O o. 5 

I 

0 1 2 3 4 

Ratio ( y )  of PH a to silicon precursor ( x 103 ) 

Figure 2 Deposition rate versus PHi: silicon precursor ratio for 
( x ) Sill4 and (~t) Si2H6: deposition temperature, 630 ~ deposition 
pressure, 18.5 Pa; wafer spa.cing, 5 ram. 

3. Resu l t s  and d i s c u s s i o n  
3.1. G r o w t h  rate  
The deposition rate of silicon as a function of the 
phosphine to silicon precursor ratio, both for silane 
and disilane is shown in Fig. 2. The films on the wafers 
were deposited at a temperature of 630 ~ and a reac- 
tor pressure of 18.5 Pa. The deposition rate of un- 
doped silicon from disilane was found to be approxim- 
ately t9 nmmin -* compared to silane which yielded 
11 nmmin -1 in the same system under identical 
deposition conditions. It is interesting to note that the 
growth rate from disilane is just under twice that from 
silane. This is a little surprising at first sight since it has 
been shown [11] that disilane is much more strongly 
adsorbed on silicon than silane. For example, at 
600 ~ the sticking coefficient of Sill4 is estimated to 
be ~5 x 10 -4, while that for Si2H6 is -~7 x 10 -2. This 
is reflected in the fact that to obtain a coverage of 0.01 
monolayer requires an exposure of SizH6 of about 400 
times less than that for Sill4. On the basis of a Lan- 
gmuirian analysis of polysilicon growth [123 one 
would expect this to lead to a difference of about two 
orders of magnitude in growth rate. However, the 
strong adsorption of Si2H6 and its gaseous decompo- 
sition product SiHz could lead to a counteracting 
lower rate of surface mobility and decomposition of 
the adsorbate [131, although this would in itself be 
partially offset by Si2H6 giving two silicon atoms for 
each precursor molecule adsorbed compared with 
only one atom from an adsorbed Sill4. The situation 
could be complicated even further by deposition from 
disilane, Equation 2, yielding 50% more He than from 
silane decomposition, Equation 3, and adsorbed 
hydrogen acting as a growth inhibitor [14] 

Si2H6(gas) ~ 2Si(solid) + 3H2 (2) 

SiH4(gas) --, Si(solid) + 2He (3) 

For doped polysilicon, as the amount of PH3 present 
in the reactor is increased the deposition rate drops 
significantly for both the Sill4 and Si2H6. However, 
for disilane the deposition rate is down by a factor of 

only two, whereas for silane it is reduced by a factor of 
ten. Nakayama et al. [15], using a PH3/Si2He/He 
system at a higher total system pressure (400 Pa) and 
temperature (665~ than reported here, obtained 
a much higher deposition rate, as might be expected, 
and they also found the deposition rate to be inhibited 
by PHh. Using their data [15] if one plots the deposi- 
tion rate against PH3/Si2H6 ratio a trend similar to 
that shown in Fig. 2 is in fact observed, albeit with 
growth rates of about 20-25 times greater than the 
authors. Simon e ta l .  [16] using an impinging jet type 
CVD reactor at a higher total system pressure (67 Pa) 
and a lower temperature (520~ for hot wall and 
550 ~ for cold wall reactor) also observed that the 
deposition rate from disilane is inhibited by the 
addition of phosphine [16]. 

As has been discussed previously [17], the decrease 
in deposition rate with the addition of PH3 cannot be 
simply due to a dilution effect, since keeping the 
deposition conditions the same and subsequently re- 
placing the PHh/N2 mixture with pure N2 does not 
produce any marked decrease in the deposition rate. It 
has therefore been postulated that PH3 must be block- 
ing the surface sites and inhibiting the deposition of 
silicon on the wafer surface [17, 18]. Meyerson and 
coworkers 1-18, 19] have demonstrated, using elegant 
surface science experiments, that PH3 has close to 
a unit probability for adsorption, a, onto the silicon 
surface and is, thus, very effective in blocking surface 
sites for silane adsorption. A consideration [17] of the 
interaction of the various gaseous species with silicon 
surface has led to the relatively simple overall 
stoichiometric Equation 1 being represented by the 
following series of elementary steps 

SiH~(gas) ~- SiHz(gas) + H 2 (gas) (4) 

SiH4(gas) ~ Sill4 (a) (5) 

Sill4 (a) --+ Si (solid) + 2H2 (a) (6) 

Sill2 (gas) ~- SiH.I~ (a) (7) 

S i l l  2 (a) --+ Si (solid) + He (a) (8) 

PH, (gas).e- e(a) + ~H2 (a) (9) 

Hydrogen is also expected to be involved in an ad- 
sorption/desorption equilibrium 

H 2 (gas) ~ H 2 (a) (10) 

In the case of disilane a similar series of elementary 
steps probably applies, but the deposition rate for 
doped polysilicon from a disilane and phosphine mix- 
ture can be, in some cases (see Fig. 2, with 
phosphine-silicon precursor ratio of 4 x 10- 3), about 
ten times higher than that obtained from silane and 
phosphine. This suggests that the PH3 is not as 
effective in inhibiting deposition from disilane as it is 
for silane, and this is probably because Si2I-I6 is more 
strongly adsorbed than Sill4 and there is more 
effective competition for surface sites by the silicon 
containing species; although one canno t  discount the 
possibility that the process proceeds via different 
reaction mechanisms for the two cases. 
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Figure 3 Structures of various species involved in the deposition 
process. 
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Figure 4 Mass  spectra for disilane at room temperature (25 ~ 
without any deposition in the reactor. 
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Figure 5 Mass spectra for disilane during deposition in the reactor 
at 630 ~ 

Now consider the mechanistic possibilities a little 
further. As shown in Fig. 3, phosphine has a lone pair 
of electrons and is expected to adsorb strongly onto 
a silicon surface with dangling bonds [13]. The ready 
adsorption of a phosphorus species onto the surface 
will inhibit the adsorption of silane, Equation 5, which 
is a saturated molecule and which therefore does not 
adsorb as strongly. This thus results in a marked 
decrease in the deposition rate. As has been men- 
tioned, disilane adsorbs much more strongly than 
silane and so could compete effectively with PH3 for 
surface sites, but there is another possible route by 
which Si2H6 could compete for adsorption sites. 

Examination of mass spectrometer data reveals gas 
phase decomposition of disilane as shown in Figs 4 
and 5. Mass spectral analysis at near room tempera- 
ture shows (Fig. 4) two sets of peaks, one associated 
with silane (m/e 28 32) and the other set with disilane 
(m/e 56-62), with the intensities of both sets of peaks 
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being of a similar magnitude. When the reactor tem- 
perature was raised to about 630 ~ the intensity of 
the peaks associated with disilane decreased, not un- 
expectedly because of silicon deposition occurring. 
However, in addition those associated with silane gen- 
erally increased (Fig. 5) and the integrated area for the 
low m/e set is about twice that found at room tempera- 
ture. This suggests that disilane fragments readily at 
the deposition temperature as shown in Equation 11 

Si2H6(gas) ~ Sill4 (gas) + SiHz (gas) (11) 

Thermodynamics favours the formation of Sill2 and 
Sill4 rather than two Sill3 species from the decompo- 
sition of Si2H6 1-20, 21]. The Sill4 and Sill2 species 
can then both decompose to yield silicon atoms on the 
surface 

Sill4 (gas) ~ Sill4 (a) --* Si (solid) + 2H2 (a) (12) 

Sill2 (gas) ~- Sill2 (a) --* Si (solid) + H2 (a) (13) 

Hydrogen can also adsorb/desorb as before in Equa- 
tion 10. The important difference from the case where 
Sill4 alone is decomposing is that the silylene (Sill2), 
is a highly reactive unsaturated species with two un- 
paired electrons (Fig. 3) and therefore it can compete 
very effectively for surface sites with phosphine. Thus, 
the blocking effect of phosphine would be dramati- 
cally less pronounced if Sill2 were the prime species 
involved in the growth of polysilicon. 

This is clearly an alternative explanation to strong 
disilane adsorption for the weaker effect on growth 
rate of PH3. Whichever mechanism may actually hold, 
an overall picture of the deposition of undoped and in 
situ doped silicon from silane and disilane can be 
represented pictorially as shown in Fig. 6. Fig, 6a 
shows the reaction scheme which was postulated 
earlier for the deposition of silicon from silane alone 
[17], where a very small amount of disilane is formed 
as a gaseous product. For deposition from disilane 
Fig. 6(b), the phosphine inhibits the growth rate of 
silicon from Equation 12 in exactly the same way as it 
does in the case for silane, but Sill2 decomposition on 
the surface, Equation 13, will be largely unaffected due 
to its highly reactive nature, as already discussed. 

3.2. Uniformity 
Fig. 7 shows the variation with radial distance of the 
deposition rate on a wafer and the improvement in the 
uniformity resulting from the use of wafer cages for 
polysilicon deposition from SiaH6 in the presence of 
PH3. Without the use of a wafer cage the within-wafer 
uniformity is good to a distance from the centre of the 
wafer of about 10 mm and then degrades rapidly with 
a growth rate > 70% higher near the edge of the 
wafer than at the centre. However, if a wafer cage is 
employed good uniformity is observed up to a radial 
distance of 18 mm and a variation in the uniformity of 
about only 20% greater than that at the centre near 
the wafer edge results, which is a significant improve- 
ment over the wafer without the cage. A similar 
behaviour is also observed when silane is used as 
a silicon precursor [8]. 
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Figure 6 A pictoriaI representation of deposition of undoped and in situ doped silicon from (a) silane and (b) disilane. 
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Figure 7 Normalized deposition rate from PH3/Si2H6 versus 
radial distance across a wafer: ( I )  without cage, and (A) with cage. 

Considerations of kinetics and transport for silicon 
deposition from monosilane show that the radial 
variation of growth cannot be due to the depletion of 
Sill4 in the inter-wafer spacing [17]. The rate of mass 
transport is much greater than the rate of surface 
reaction. However, in the presence of PH3 when de- 
position from Sill4 species is blocked, the primary 
route is via SiH2 (cf. Fig. 6), and this species can 
readily deplete as it travels from the edge of the wafer 
to the centre [17]. The mass transfer coefficient for 
SiHz is expected to be very similar to that for Sill4 
since the diffusion coefficient is similar and the 
diffusion lengths are just the same. The rate constant 
for deposition of silicon from Sill2 is, though, about 
104 times that for growth from Sill4 [22]. Therefore, 
since the rate of surface reaction is much greater 
than the rate of diffusion the growth rate from Sill2 
will be transport controlled rather than kinetically 
controlled. The wafer cages shown schematically in 
Fig. 1, can effectively trap very reactive species, such as 
Sill2, in the annular region before they enter the wafer 
region and reduce the concentration gradient between 
the annular region and the centre of the wafer. Thus, 
the within-wafer uniformity is dramatically improved. 
A similar argument can be invoked for the case of 
deposition from disilane in the presence of phosphine. 

For deposition from disilane the situation is further 
complicated, as already discussed, by the possibility of 
deposition from the very reactive Si2H6 species itself, 
and so this can deplete just like Sill2 as it travels from 
the edges of the wafers to the centres resulting in 
a strong contribution to the non-uniformity. Since 
disilane has a mass which is nearly twice that of silane 
the rate at which it diffuses between wafers is likely to 
be slower than species containing single silicon atoms 
(Sill2 and Sill4) and this should make the depletion 
situation slightly worse; this is indeed found if one 
compares data plotted as in Fig. 7 for disilane with 
silane. As mentioned above, the use of wafer cages 
results in a significant improvement in the uniformity 
of the deposits and as discussed before the cages are 
effective in trapping highly reactive species such as 
disilane. 

For practical purposes the type 2 wafer cage shown 
in Fig. 1 needs to be customized for each change in the 
deposition parameters, because altering the deposition 
conditions can effect the process chemistry both in the 
gas phase and on the surface and one needs to match 
the cage area E8] and positioning to account for any 
changes in the concentrations of the various species 
involved in the deposition process. The type 1 cage is 
much simpler in construction and therefore is more 
attractive for production purposes. Alterations to this 
cage involve simple changes in the diameter of the 
plate. Both types yield significant improvements to 
within-wafer uniformity. Other solutions to improve 
within-wafer uniformity have been suggested and in- 
volve reducing the wafer edge to reactor wall distance 
[23] and using reduced reactor pressure [9]. 

Fig. 8 shows the effect of wafer spacing on the 
growth rate and resistivity for the deposition of silicon 
from silane. As the wafer spacing is increased the 
growth rate also increases with a corresponding de- 
crease in resistivity. In addition, there is a dramatic 
improvement in within-wafer uniformity with increas- 
ing wafer spacing as shown in Fig. 9. This is consistent 
with results published previously for the deposition of 
semi-insulating polysilicon (SIPOS) and for in situ 
doped polysilicon [10,17,23]. This gives additional 
support for the idea that the process has imposed 
transport limitations [17]. If there were no transport 
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Figure 8 The effect of wafer spacing on the growth rate ( x ) and 
resistivity (A) for silane: deposition temperature, 650 ~ deposition 
pressure, 19.8 Pa; Y, 4 x 10 -3. 
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Figure 9 Variation of normalized growth rate with distance from 
the centre of the wafer at different wafer spacings of (11) 5 mm, ( + ) 
15 mm and (A) 25 mm: deposition temperature, 650~ deposition 
pressure, 19.8 Pa; 7, 4 x 10 -3. 

limitations, the growth rate and the uniformity would 
be unaffected by the change in wafer spacing. 

Further evidence for the involvement of transport 
control in the deposition process is given by the tem- 
perature dependence of growth rate. Fig. 10 shows the 
effect of temperature on the deposition rate from 
silane in the presence of PH3. The logarithm of the 
growth rate at the centre of the wafer is plotted against 
the reciprocal of the temperature in an Arrhenius type 
plot to allow calculation of the activation energy, Ea. 
The values of Ea obtained from Fig. 10 and from the 
results of other workers are given in Table I. There is 
a large variation in the activation energies. It is diffi- 
cult to obtain a meaningful comparison of activation 
energy because of large variations in the deposition 
conditions which have a significant influence on the 
deposition chemistry and the relative roles of kinetics 
and mass transport. The activation energy values 
obtained will have both a mass transport contribution 
and a kinetic contribution. Mass transport limited 
processes are generally less sensitive to temperature 
and are characterized by lower activation energies 
compared with reaction limited processes. Experi- 
mental work carried out which moves between these 
extremes of deposition will be characterized by an 
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Figure 10 The effect of temperature, I, on the deposition rate: 
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T A B L E  I Activation energies for silane and disilane both doped 
and undoped 

"r Ea (kJ mol -  1) Reference 

Sill4 0.000 67 
PH3/SiH4 0.001 75 [24] 
PH3/SiH4 0.010 96 

PH3/SiH4 2.00 x 10 .4 82 
PH3/SiH, 2.00 x 10-3 196 Present work 
PH3/SiH4 4.00 x 10-3 230 

Sill4 0.00 67 
BzH6/SiH4 0.10 46 [22] 
B2H6/SiH4 5.00 29 
AsH3/SiH4 0.01~.05 147 

Sill4 0 160 [25] 
Si2H6 0 139 

Si2H~ 0 244 
PH3/Si2H6 6.67 x 10 -5 256 [15] 
PHjSizH6 1.67 x 10-3 293 
PH3/SizH6 4.00 x 10- 2 348 

intermediate value for Ea. For example, from the table 
it can be seen that Kurokawa [24] found activation 
energies of 67, 75 and 96 kJ tool- t for Y = 0, 0.001 and 
0.01, respectively, at a pressure of 52 Pa using He as 
a carrier gas, compared to 82, 196 and 230 kJ mol- 1 
for the same values of? in the current work but carried 
out at a lower total pressure of 18.5 Pa and using 
N2 as a carrier gas. This pressure dependence trend 
agrees with that obtained by Farrow 1-22] supporting 
the mass transport hypothesis. As the reactor pressure 
is increased there is an increase in the mass transport 
contribution to growth and hence a lowering of ac- 
tivation energy. For doped silicon deposition from 
silane, the activation energy values increase as the 
amount of phosphine added to silane increases in 
agreement with other workers [24]. An increase in 
activation energy with the addition of dopant has also 
been observed for arsine which is also an n-type 
dopant [22]. As mentioned earlier n-type dopants are 
effective inhibitors of deposition of silicon due to their 
blocking of surface sites, hence the kinetic activation 
required for deposition will be higher. For deposition 
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from disilane in the presence of phosphine the 
activation energy trend from the data of Nakayama et 
al. [15] is similar to that obtained for silane, again as 
would be expected for inhibition by PH3. In the 
absence of phosphine, the activation energy for 
deposition of silicon from disilane would be expected 
to be lower than that from pure silane since disilane is 
a more reactive species. This seems to be the case when 
depositions are done under identical conditions [25]. 

Still further evidence for the hypothesis that trans- 
port control affects the deposition comes from exam- 
ining the effects of temperature on the within-wafer 
uniformity, as shown in Fig. 11. As the temperature is 
increased from 560 to 650~ there is a dramatic 
degradation in the within-wafer uniformity. The in- 
crease in temperature, T, will result in rapid increase 
in the rate of surface reaction (R) with the rate being 
directly proportional to exp(-~, roT). At the same time 
the rate of diffusion between the wafers also increases 
but at a much slower rate, the diffusion rate being 
approximately proportional to T 3/2. Thus, the differ- 
ence in the rate of reaction and the rate of diffusion is 
much greater at higher temperatures resulting in more 
severe depletion of reactants in the inter-wafer spacing 
and hence a degrading in the uniformity, i.e. a mass 
transport regime becomes more dominant at higher 
temperatures. 

3.3.  E lectr ica l  p r o p e r t i e s  
Fig. 12 demonstrates the changes in resistivity as 
a function of phosphine to silane ratio. For  ratios up 

to l 0 -  2 there is a rapid decrease in the film resistivity, 
after which the resistivity decrease begins to slow 
down and eventually levels off probably correspond- 
ing to the maximum solid solubility of phosphorus in 
silicon. For  y in the range 10-3-10 -1, the observed 
trend in film resistivity is very similar to that reported 
previously by other workers [24,26]. However, 
Taniguchi et al. [-26] carried out experiments over 
a much wider range of 7 and concluded that below 
3 x 10-s the dopant atoms incorporated compensate 
for the native defects present mainly in the grain 
boundary region until the native defect density is 
reached. The resistivity thus decreases more slowly 
with increasing PH3/SiH4 for y = 3 x l 0  -s  to 
y ~ 10-3 and then decreases more rapidly, as is shown 
by the data in Fig. 12. 

Fig. 13 shows the change in resistivity across a wa- 
fer for y = 4 x 10 -3. Near the centre of the wafer the 
resistivity is approximately constant, while there is 
a reduction in the value of resistivity towards the edge 
of the wafer. This trend mirrors that of the thickness 
variation across the wafer, suggesting a correlation 
between thickness and resistivity. Further evidence of 
this relationship is shown in Fig. 8, where the wafer 
spacing has been varied while all other parameters, 
such as pressure, temperature and gas flow ratios, 
were kept constant. As we have seen, an increase in 
wafer spacing results in an increase in film thickness; 
a 5 mm spacing gave films of 0.2 ~tm thickness, 
whereas a spacing of 25 mm produced films of 0.38 gm 
thickness. A decrease in resistivity with increased 
wafer spacing is also evident (Fig. 8). The work of Lu 
et al. [27], who studied the doping of polysilicon by 

4121 



1.1 

0.9 
o 

Z 

( ~  X X 

0 , 8  i i i i i 

0 5 10 15 20 25 30 

Radial distance ( mm ) 

Figure I3 Normalized resistivity across a wafer as a function of 
radial distance: deposition temperature, 650 ~ deposition pressure, 
19.8 Pa; % 4 x  10 3. 

70 

60 

50 

r -  

40 

30 

20 

t 

I I I I I I 

0 10 20 30 40 50 60 

Anneal ing t ime ( s ) 

Figure 14 Resistivity versus rapid thermal annealing time at tem- 
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ion implantation further supports this observation by 
demonstrating that the resistivity increases with 
decreasing film thickness due to carrier trapping in 
grain boundaries (see below). Mandurah et al. [28] 
also reported a decrease in resistivity with increasing 
thickness on diffused dopants. Hall measurements 
revealed a higher mobility at the surface of thick films. 

The effect of annealing time on the sheet resistivity 
for several different temperatures using dry nitrogen is 
reported in Fig. 14. Initially there is a sharp drop in 
the resistivity as the dopant atoms are activated. After 
further annealing the reduction in resistivity is less 
prominent. This behaviour was observed for all tem- 
peratures. As the annealing temperature is raised, al- 
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though the trends are similar, lower sheet resistance 
values are obtained. 

Several mechanisms have been proposed to explain 
the variation in resistivity with film thickness in poly- 
silicon thin films [27]. The decrease in resistivity with 
increasing thickness may be the result of two different 
scattering mechanisms. The first involves the scatter- 
ing of carriers at the polysilicon-oxide interface. As 
carriers are scattered their mobility is reduced. The 
number of collisions with the interface, i.e. the prob- 
ability of collision, being greater in thin films than 
thick films, and so the resistivity will decrease with 
increasing film thickness. This mechanism is an un- 
likely one for in situ doped polysilicon, because if an 
oxide layer were deliberately formed on the surface 
straight after deposition one would expect the resistiv- 
ity to increase. However, practical results E29] reveal 
that the addition of an oxide capping layer has no 
significant effect on the resistivity. The second mecha- 
nism involves the scattering of carriers at horizontal 
grain boundaries. With thinner films the proportion of 
carriers likely to be scattered at these boundaries is 
greater, resulting in higher resistivities. Transmission 
electron microscope (TEM)micrographs of the 
LPCVD polysilicon films show a structure which has 
a predominance of vertical grain boundaries [7, 29], 
with horizontal boundaries being rare. The films had 
a "V"-shaped cross,sectional structure [7, 30] and it is 
therefore also unlikely that this mechanism p!ays the 
major role in reducing the resistivity with increasing 
thickness [31]. 

Another explanation for higher resistivity values 
with decreasing thickness is that they could be at- 
tributed to dopant loss from the surface of thinner 
films. The surface area to volume ratio is larger than 
for thicker films and therefore the loss of dopant from 
the thinner films could have a greater impact on the 
resistivity. However, there are two arguments which 
challenge this statement. Firstly, the loss of dopant 
from the surface is expected to be greater at higher 
deposition or annealing temperatures as the dopant 
diffusion rate increases with increased temperature. 
Secondly, it is expected that if the film is capped with 
an oxide layer then there will be an accumulation of 
dopant near the surface. A silicon oxide cap was de- 
posited by chemical vapour deposition onto the film 
at 400~ and carrier concentration and spreading 
resistance measurements were taken [29] for both 
capped and uncapped material. This revealed that 
there was no significant loss of dopant from the 
surface, the profiles being virtually identical. This 
experiment was carried out on a wafer divided into 
two halves with the aid of photolithography and 
therefore the deposition and annealing conditions 
were identical. 

The most likely explanation for the measured re- 
duction in resistivity of the thicker films involves 
a consideration of the polysilicon film structure [31]. 
Polycrystalline material may be viewed as being made 
up of two distinct regions, the crystallites and the 
grain boundaries. The crystallites are composed of 
ordered atoms, whereas the grain boundaries are com- 
posed of disordered atoms which represent the 



transition region between crystallites. The 
carrier-trapping models consider that the grain 
boundaries contain trapping centres for the dopant 
atoms which allow two effects to be proposed. The 
first involves the reduction in the number of free 
carriers, while the second involves the formation of 
a potential barrier which impedes the motion of the 
free carriers. Both of these effects could be responsible 
for the increase in resistivity in thinner films. In the 
thicker films the resistivity is reduced due to the 
reduction in the number of grain boundaries. The 
radial variation of the resistivity noted could be due to 
the variation in film thicknesses, but could also be 
attributed to variations in dopant concentration. 

Trainor [32] studied the effect of wafer radial dis- 
tance on both the total phosphorus content and resis- 
tivity. He observed a total phosphorus increase by 
a factor of five; while the resistivity, representing active 
phosphorus, decreased only by about 30%. It has 
been shown above that there is a higher growth rate at 
the edge of the wafer compared with the centre. This 
higher growth rate could lead to less crystalline 
growth resulting in smaller grains. Hence at the edge 
of a wafer one would expect more grain boundaries 
and a resulting greater loss of active dopant by segre- 
gation; TEM micrographs do in fact show smaller 
grains at the wafer edge [32]. Thus, this model would 
predict a higher resistivity at the edge compared with 
the centre. In addition, since it has been shown that at 
the edge of a wafer growth occurs mainly from Sill2 
species which can effectively compete for surface sites 
with PH3, one might expect less total phosphorus at 
a wafer edge than in the centre. Therefore, based on 
the considerations discussed so far, the opposite effects 
to those observed would be expected, and one has to 
look for an additional explanation. This explanation 
must allow a greater growth from Sill2 and at the 
same time a greater total incorporation of phos- 
phorus. Workers in the field of gas phase kinetics [33] 
have demonstrated the rapid conversion of PH3 to 
monosilylphosphine in the presence of Sill4 pyrolysis. 
If one extends the deposition model described earlier 
to allow growth not just from Sill2 but from SiH2PH2 
as well, this could explain both the radial variation of 
growth rate and total phosphorus content. The 
smaller variations in resistivity with radial distance 
could then be attributable to the increase in the 
number of grain boundaries expected at the wafer 
edge and a corresponding higher percentage of 
inactive phosphorus in these grain boundaries [7]. 

A wafer cage has been seen to give uniform growth 
and this has been attributed to the evening out of the 
concentration profile of reactive species in the spacing 
between wafers. With the extended model [7] this 
would be expected to even out also the total phos- 
phorus content. In addition, since the growth rate is 
now the same over the whole wafer, the degree of 
crystallinity and hence the electrical properties of the 
layer would be expected to be uniform. Further stud- 
ies need to be made to verify this qualitative analysis 
and to put it on a more quantitative basis. 

When the in situ doped films were annealed at 
950 ~ under dry nitrogen (see Fig. 14) it was noted 

that the resistance decreased sharply and then levelled 
off. This behaviour can also be explained in terms of 
carrier-trapping and grain growth. Upon annealing 
the carriers which reside within the grain boundaries 
(initially immobile) are given enough energy for them 
to become mobile and thus enter crystallites where 
they become active and thus cause the resistivity to 
fall. This is probably associated with the initial rapid 
decrease in sheet resistance. A more prolonged anneal 
causes the initial activation of dopant atoms to be 
followed by grain growth, which reduces the resistance 
even further; but this effect is smaller than the activa- 
tion of dopants. It is probably linked to the scattering 
mechanisms described above. 

4. Conclusions 
Problems inherent in the growth of in situ doped 
polysilicon and the work undertaken to understand 
and find solutions for them has been reviewed. The 
deposition behaviour for doped silicon, the origin of 
non-uniformity and low growth rate have been dis- 
cussed. Practical solutions to these problems have 
been presented involving the use of the more reactive 
silicon precursor disilane and two types of wafer cages. 
It has been shown that a within-wafer non-uniform 
thickness leads to non-uniformity of the electrical 
characteristics. Several basic physical mechanisms 
have been suggested and examined to explain this 
phenomenon, and it has been concluded that these 
variations are a function of the film thickness, active 
phosphorus content and structure. It is postulated 
that changes in the film structure lead to changes in 
the active to total dopant rates (PA/PT) which is dir- 
ectly related to the observed electrical properties. 
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