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Conclusion 
The effect of the anodization regime on the anisotropy of 

the porous anodization process of aluminum was investi- 
gated. The experiments revealed that the degree of an- 
isotropy increased with the forming voltage in all the stud- 
ied electrolytes. The highest degree of anisotropy, A~ = 0.6, 
was obtained in 0.01M oxalic acid solution in water. 

SEM investigation of the porous aluminum oxide struc- 
ture in contact with the mask and outside it was performed. 
Using the data obtained by SEM and the experimental 
parameters of the electrochemical process, the electric field 
distribution within the barrier layer of the porous oxide 
was calculated. The electric field concentration in the cells 
near the mask was shown. 
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ABSTRACT 

In this study, the effects of different reactants, namely, Sill4, GeH4 and B2H6, on the nucleation and deposition of 
polycrystalline sil icon-germanium (poly-Si~_=Gex) films on oxide surface in an ultrahigh vacuum chemical vapor deposi- 
tion reactor were explored. The results show that the addition of GeH4 tends to retard the nucleation process of poly films 
while B2H6 is preferential for adsorbing on the oxide surface. These effects lead to different incubation duration depending 
on the kind of reactants used. On the deposition of poly-Si~_~.Ge= films, it is observed that the Ge incorporation is only 
slightly related to the substrate type, but  the deposition mode of poly-Si~_~Ge~ films is much different from that of epitaxial 
growth on St(100). The incorporation of Ge atoms also overcomes the anomalous doping effect encountered in heavily 
boron-doped poly-Si films and allows extremely low resistivity (below 2 mf~-cm) poly films to be obtained at low temper- 
atures (<-550~ 

Polycrystalline silicon (poly-Si) is one of the most impor- 
tant materials for integrated circuit manufacturing. 1 Usu- 
ally, poly-Si films are obtained using the low pressure 
chemical vapor deposition (LPCVD) technique because of 
its high uniformity, reproducibility, and throughput. Con- 
ventional LPCVD techniques use silane (Sill4) as the depo- 
sition source, and deposition pressures of typically several 
hundred milliTorrs. Under these conditions, as-deposited 
poly-Si films with stable fine grains are obtainable at a 
temperature higher than 620~ 1 Recently, a few studies 
concerning the deposition ~-4 and device applications 4-9 of 
polycrystalline sil icon-germanium (poly-Si~_=Gex) films 
were" reported. The main advantages associated with the 
poly-Si~_= Ge= film deposition are the low temperature and 
low process thermal budget, as compared with the poly-Si 
ones. In addition, poly-Si~ xGe= films are compatible with 
mature Si technologies. All these make poly-Sil_=Ge= an 
attractive alternative candidate to Si for some applications 
demanding minimal  process thermal effect, such as the fab- 
rication of polycrystalline thin film transistors (TFTs) on 
glasses used for active matrix liquid crystal display 
(AMLCD) manufacturing, and the ultralarge scale integra- 
tion (ULSI). 

Among the published reports, poly-Sil =Ge~ films were 
prepared mostly using the conventional LPCVD, 2'5-9 or the 
rapid thermal (RT) LPCVD 3 systems. In our earlier work, 
we have shown that the ultrahigh vacuum (UHV) CVD is 

another promising approachJ This technique features a 
hot-wall reactor with an extremely low base pressure 
( -10 -~ Torr) as well as the reduced deposition pressures 
( -1  mTorr). These conditions allow extremely low temper- 
ature (below 550~ Si/Sil_=Ge= epitaxial growth to pro- 
ceed on Si substratesJ TM Si~_xGe=-based heterojunction 
bipolar transistors (HBTs) with a world-record cutoff fre- 
quency (fT) of 113 GHz were achieved with the UHV-CVD 
system, 12 demonstrating the superior quality of the de- 
posited films. When depositing poly films on an insulating 
substrate, e.g., SiO2, we have found that the fine grain 
structure can be retained even at a temperature as low as 
500~ 4'~3 We have also shown that the preparation of poly- 
Si/poly-Si~_x Gex multilayers using UHV-CVD can increase 
the design flexibility of poly thin film device structures. 4 

In this report, we investigated the effects of reactants on 
the film nucleation and deposition. The influence of Ge 
incorporation on the resistivity of in situ boron-doped 
films is also explored and discussed. 

Experimental 
A detailed description about our UHV-CVD system can 

be found elsewhereJ '11 In this study, 3 in. Si wafers coated 
with a thermally grown oxide were used as the starting 
materials. Prior to deposition, the wafers were cleaned in a 
mixture of H2SOJH2Q(3:I) for 15 rain, followed by a 5 min 
deionized water rinse. Substrates were then blown dry 
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Fig. 1. The states of oxide surface investigated by AFM after exposure to input reactants for 20 min. The deposition temperature was 550~ 
(a) Sill4 = 20 sccm; (b) Sill4 = 20 sccm, GeH4 = 15.3 sccm; (c) Sill4 = B2H6 = 20 sccm; (d) Sill4 = B~H6 = 20 sccm, GeH4 -- 15.3 sccm. 

with nitrogen gas. Before introducing the reactants, the 
substrates were heated in the growth chamber for 1 h at a 
corresponding deposition temperature. During this stage, 
an H2 flow of 600 sccm was introduced which resulted in a 
pressure of 42 mTorr. Pure Sill4, 10% germane (GeH4) in H2, 
and 1% diborane (B2H~) in H2 were used as the reaction 
sources for deposition. The deposition pressures used in 
this work are in the range between 0.94 and 1.95 mTorr. 

The Ge composition and the boron concentration in the 
as-deposited films were determined by Rutherford back- 
scattering spectroscopy (RBS) and secondary ion mass 
spectroscopy (SIMS), respectively. Electrical resistivity of 
the boron-doped films were measured by a four-point 
probe while film thicknesses were obtained by a Dektak 
3030 surface profile measuring system with an accuracy 
within 20 nm. Transmission electron spectroscopy (TEM) 
and x-ray diffraction (XRD) were performed to examine 
the structural properties of the poly-Si~_x Gex films. Atomic 
force microscopy (AFM) was used to investigate the surface 
state of the deposited films. 

Results and Discussion 
Nucleation.-- For a poly film deposited on an SiO2 sur- 

face at reduced pressures, a considerable amount of incu- 
bat ion time is observed. ~348 This is due to the heterogeneous 
reaction which dominates at a very low deposition pressure 
and is very sensitive to the surface properties of the sub- 
strate used. The magnitude of incubation time is strongly 
related to the kind of reaction species, such as Sill4, GeH4, 
and B2H6, used for this study. In order to understand the 
effects of these reactants on the nucleation, the AFM tech- 
nique was used to investigate the surface state at an early 
stage of deposition. The results are given in Fig. 1 in which 
four conditions with different input  reactants are shown 
and compared. The deposition temperature, duration, and 
the flow rate of SiH~ were 550~ 20 min, and 20 sccm, 

respectively, for all the samples shown in Fig. 1, while the 
poly-Sil xGex films of Fig. l b  and d were with a GeH4 (10% 
in H2) flow rate of 15.3 sccm, resulting in a Ge content of 
21% in the deposited films. Figure la  is the result of un-  
doped poly-Si which exhibits scattered nuclei on the oxide 
surface. In the case of undoped poly-Si1_x Gex, as shown in 
Fig. lb, it is found that the number  of nuclei is significantly 
reduced, indicating that the addition of GeH4 would retard 
the nucleation. On the other hand, the introduction of a 
large amount of B2H~ flow would significantly change the 
situation. Figure lc and d are examples of boron-doped 
poly-Si and poly-Si1_~Gex films, respectively, both with a 
B2H6 (1% in H2) flow rate of 20 sccm. It is clearly seen in 
Fig. ic and d that the oxide surface has been completely 
covered by the films. This indicates that the boron atoms 
are preferentially adsorbed on the SiQ surface and then 
act as a seed for film growth. Consistent results are shown 
in Fig. 2, in which the film thicknesses were shown as func- 
tions of the deposition time. The deposition conditions for 
films shown in Fig. 2 correspond to those used in Fig. i. In 
this figure, the slope of the fit line and its intercept with the 
x-axis are defined as the deposition rate and the incubation 
time, respectively, for each specific condition. It is observed 
that the incubation time is about 36 rain for undoped poly- 
St, while extending to around 51 min for undoped poly- 
Si1_x Gex, consistent with fewer nuclei as shown in Fig. lb. 
When adding the B2H6, though, the incubation times are 
drastically reduced to 3 and 2 min for B-doped poly-Si and 
poly-Si~_xGex films, respectively, and are also well ex- 
plained by the results of Fig. ic and d. 

From the above analysis it is noteworthy that the ex- 
tremely different behavior of nucleation on the oxide sur- 
face between GeH4 and B2H6: the former tend to retard the 
process while the latter is preferential to adsorb on. A more 
detailed investigation concerning the effect of B2H8 flow on 
the incubation time is given elsewhere. 17 For some specific 
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Fig. 2. Film thickness vs. growth time. (D) Sill4 = 20 sccm; (�9 
Sill4 = 20 sccm, GeH4 = 15.3 sccm; (gl) Sill4 = BzH6 = 20 sccm; (Q) 
Sill4 = B2H6 = 20 sccm, GeH4 = 15.3 sccm. 

applications, such as the p+ poly-Si~_=Ge~ gate struc- 
tures, ~'~'9 it is advantageous to use the in situ doping method 
which can avoid the long incubation time encountered at 
undoped poly-Si1_=Ge= deposition. 

Another interesting phenomenon noted in Fig. 1 is the 
larger grain size observed for boron-doped poly-Si1_=G% 
than that of boron-doped poly-Si. This is due to the higher 
surface mobility of Ge atoms which facilitate the grain 
growth and promote the film crystallinity. 4 The influence of 
this aspect on the film resistivity is discussed in the last 
part of this section. 

Effect  of GeH4 on the incubation t i m e . - - A s  mentioned 
above, the addition of GeH4 delays the nucleation process 
markably. In Fig. 3, the incubation time of poly-Sil_xG% 
films grown at 550~ with the UHV-CVD system are shown 
as a function of the GeH4 flow rate. In an earlier work, 13 we 
showed that the considerable amount of incubation time 
(36 min) for poly-Si films deposited at 550~ is due to the 
rather low deposition rate (~0.6 nm/min) as well as the low 
generation rate of nuclei. In this study, we found that the 
addition of GeH4 increases the incubation period further. 

6O ! 
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~" tSiH4" =20 sccm 
/ ~ 

g 

3 0  I 
0.0 5.0 10.0 15.0 

10 % GeH 4 in H 2 Flow (sccm) 
Fig. 3. Incubation time for poly-Si~_xGe~ films deposited at 550~ 

as a function of GeH4 flow. 
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10% GeH 4 in H2FIow Rate (sccm) 

Fig. 4. Ge mole fractions incorporated in the Si~ xGex epitaxial 
layers deposited at (D) 550~ as well as the poly-Sil xGex ones 
deposited at three different temperatures, namely, (11) 550, (e) 525, 
and (A) 500 C, respectively, are shown as functions of GeH4 flow. 

The increase of the incubation time with increasing GeH4 
flow rate is in agreement with previousfindings.  15'16 Ac- 
companied by the smaller number of nuclei is the larger 
grain size for poly-Sil ~Gex films, as observed by the TEM 
analysis? According to the report of Morar et aI., 18 they 
pointed out that the adsorbed Ge atoms on an Si substrate 
can break the silicon-oxygen bonds of native oxide on the 
surface and form germanium oxides (e.g., GeO 19) which are 
easy to volatilize. This finding can also well explain our 
observation that the introduction of GeH~ flow may effec- 
tively break the silicon-oxygen bonds between the Si nuclei 
and the underlying oxide layer and, thus, retard the nucle- 
ation process. We believe that this is responsible for the 
longer incubation time for a higher GeH4 flow observed in 
Fig. 3. We have further examined that when only GeH4 was 
introduced into the growth environment for 2 h at 550~ no 
nuclei were formed on the oxide surface. A similar result 
was also reported by Ozturk et al., 19 highlighting the highly 
selective deposition character for GeH4 on SiQ. 

Ge incorporation and deposition rate . - -Figure  4 shows 
the Ge incorporation of poly-Sii_x Ge= films as a function of 
GeH4 flow rate. In order to prevent the long incubation 
period, a thin Si film of 10 nm was first deposited on the 
SiO2 surface to act as a seed and then started the poly- 
Sil_xGe~ film deposition. The data of Sil_~Ge= layers epi- 
taxially grown on St(100) substrates at 550~ in the same 
reactor are also included in the figure. In Fig. 4, the incor- 
poration of Ge atoms at 550~ is the same for both poly and 
epitaxial films. For films deposited in a polycrystalline 
state, grains of random orientation are distributed. There- 
fore, identical Ge incorporation for poly and epitaxial lay- 
ers seems to indicate that the incorporation is only slightly 
related to the crystallite orientation. On the other hand, the 
Ge incorporation is promoted at lower temperatures, as 
observed in Fig. 4. A similar phenomenon was also ob- 
served by King et al. 6 with an LPCVD technique. The 
higher Ge incorporation also promotes the film crys- 
tall inity at low temperatures. An example is given in Fig. 5 
in which a plane-view TEM photograph and the diffraction 
pattern of an as-deposited poly-Si0.56Geo.44 film deposited at 
500~ are shown. The average grain size is around 180 nm 
and is much larger than the undoped poly-Si deposited in 
the same reactor 13 ( -60 nm). 

It has been pointed out previously in several studies that 
the deposition mode of the poly-Si is identical to that of Si 
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Fig. 5. The TEM micrograph and corresponding diffraction pattern 
of an as-deposited poly-Si, ~Gex film grown at 500 C. 

epitaxy on St(100) in a UHV-CVD reactor. 13'~~ We have also 
found with our system that the deposition rates are the 
same for both poly-Si and Si epitaxial layers. However, the 
situation is significantly changed as GeH4 is added. This 
phenomenon is shown in Fig. 6 where the variation of the 
deposition rate for poly-Sil_xG% films with GeH4 flow is 
significantly different from that of epitaxial ones. In this 
figure, the deposition rate of epitaxial layers grown at 
550~ is dramatically enhanced with increasing GeH4 flow. 
This is similar to that observed by Meyerson et al., 2~ and is 
attributed to the enhanced desorption of hydrogen atoms 
during deposition. However, for films deposited in a poly- 
crystalline form, it is observed that the deposition rate is 
smaller than that of epitaxial growth as GeH~ is intro- 
duced, although with identical Ge incorporation. More- 
over, the difference between the epitaxial and the poly 
films increases with increasing GeH4 flow. 

The cause of this phenomenon is not very clear at this 
stage and is possibly due to the texture change with the 
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Fig. 6. Deposition rates of the Si, =xGex epitaxiol layers deposited 
at ( I}  550 C as well as the poly-Sil_xGex ones deposited at three 
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Fig. 7. The film resistivity as a function of Ge incorporation. 

addition of GeH4. When an Sil_x Gex layer grows epitaxially 
on an Si (100) substrate, the strain energy contained in the 
deposited films may play an important role in determining 
the deposition behavior. This situation, however, cannot be 
applied to the deposition of poly films on oxide surfaces. In 
a separate study 22 we have used the XRD method to analyze 
the three main textures, namely, (111), (220), and (311), of 
the poly-Si1_xG% films. For the undoped poly-Si films, the 
main texture is (220). It was observed that, in the case of Ge 
incorporation, the intensity of (220) decreases while the 
other two textures significantly increase, especially for 
(311). These results indicate that the deposition mode is 
significantly different between the poly-Si1_xGe~ and 
Si1_xGex epitaxy as GeH4 is added. 

Effect of Ge incorporation on the film resistivity.--In one 
of our earlier works we investigated the electrical proper- 
ties of in situ boron-doped poly-Si films. 23 The results show 
that, when the incorporated boron concentration was 
greater than 1019 cm -*, the grain size of poly-Si films began 
to diminish with increasing doping level. This phenomenon 
was attr ibuted to the slow surface mobility of boron atoms 
during deposition. As the boron doping level reaches be- 
yond 10 zl cm 3, a totally amorphous structure resulted. This 
kind of degradation in film crystallinity caused a drastic 
rise in film resistivity. Due to this anomalous doping effect, 
the resistivity of the as-deposited poly-Si films was pre- 
vented from being lower than 3 mtl-cm. 23 

However, this restriction can be overcome with the Ge 
incorporation. 4 Figure 7 shows the effect of Ge incorpora- 
tion on the as-deposited film resistivity. The films were 
deposited at 550~ with both Sill4 and B~H6 flows of 
20 sccm. Film thickness was around 200 rim. The high resis- 
tivity of poly-Si shown in this figure is in response to the 
anomalous doping effect mentioned above, although with a 
high boron concentration of 2.1 • 1021 cm -3 measured by 
SIMS. When Ge atoms were incorporated to a level of 5% 
mole fraction, a rapid decrease in film resistivity is ob- 
served. Resistivity is then further decreased with increas- 
ing Ge level and reaches a value of about 2 mFt-cm at 21% 
Ge incorporation. From the Hall measurements 4 we learned 
that the low resistivity obtained for poly-Si1_xGex films is 
due to the high concentration of activated carriers exceed- 
ing the equilibrium solid solubility of dopants. For exam- 
ple, the carrier concentration in the poly-Sio.79Ge0.~1 films is 
around 4.8 • 102o cm -3. Such a phenomenon is known as the 
nonequilibrium doping effect. 24 

For deposition proceeding at reduced pressures, Voultsas 
and Hatalis have pointed out that the grain growth is 
closely related to the surface mobility of the reactants. 2~ In 
this experiment, based on the AFM and TEM results, we 
postulate that, as compared with St, B possesses a much 
lower surface mobility while Ge possesses a much higher 
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one. For B-doped poly-Si the low surface mobility of B 
atoms results in the grain shrinkage as well as the anoma- 
lous rising behavior in film resistivity. The addition of Ge 
atoms which have a much higher surface mobility can com- 
pensate in this situation and allow the nonequilibrium 
doping effect retained to a higher doping level. This pro- 
vides a good explanation about the drastic decrease in re- 
sistivity with Ge incorporation as shown in Fig. 7. 

Conclusions 
In this work we have shown that  the nucleat ion of poly-  

Sil_=Gex films on an SiO~ surface is strongly related to the 
kind of reactants  used. As compared with the undoped 
poly-Si  deposition, the addi t ion of GeH4 retards the nucle- 
at ion process and increases the incubation time. On the 
other hand, the introduction of a large amount  of B2H6 for 
either poly-Si  or poly-Sil_xGe= deposit ion significantly 
shortens the incubation time and is a t t r ibuted  to the prefer- 
ential  adsorpt ion of boron atoms on the SiO2 surface. 

On the deposit ion of poly-Sil_= Ge~ films, the Ge fraction 
incorporated into the films is found to be almost independ-  
ent of the substrate  used. However, the deposit ion mode of 
poly-Si1_=Ge~ films is found to be different from the 
Si~_= G% epitaxial process as GeH~ is added. Ge incorpora- 
tion also compensates for the anomalous doping effect en- 
countered in heavily B-doped poly-Si films and it allows 
extremely low resistivity poly films to be obtained at low 
temperatures (e.g., below 550~ 
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