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ABSTRACT 

A new material, Si-B layer, as boron diffusion source for polysilicon/silicon systems, has been investigated. The Si-B 
layer was deposited on polysilieen in an ultrahigh vacuum chemical vapor deposition (UHV/CVD) system at 550~ The 
characteristics of boron diffusion in Si-B layer/polysilicen/silicon systems have been investigated by using secondary ion 
mass spectroscopy (SIMS) and cross-sectional transmission electron microscopy (XTEM). To remove the Si-B layer after 
the drive-in step, the Si-B layer was oxidized completely during thermal drive-in stage and removed with a diluted 
hydrofluoric acid. The effects of thermal oxidation of Si-B layer on boron diffusion profiles and polysilicon structures were 
analyzed. It was found that the boron profiles within the polysilicon are slightly dependent on the oxidation of Si-B layer. 
Moreover, the polysilicon grain size for Si-B layer source were enlarged, as compared with conventional BF~-implanted 
polysilicon source. It is attributed to the effects of the gettering of oxygen impurity by the Si-B layer and secondary grain 
growth during Si-B layer oxidation. In addition, the boron diffusion profiles in the silicon substrate for Si-B layer source 
exhibited a more shallow junction depth and less sensitivity to the thermal budget, as compared with. BF~-implanted 
polysilicon source. This is considered to be the effect of the smaller surface concentration, Cs, in the silicon substrate for 
Si-B layer source. 

Introduction 
Complementary bipolar CMOS (C-BiCMOS) circuit have 

advantages for both digital and analog application; hence, 
it is important to study the characteristics of p-n-p polysil- 
icon emitter bipolar transistors, a3 Conventionally, the 
heavily p+ polysilicon films are often doped by the BF~ im- 
plantation and driven into silicon substrate in high temper- 
ature processes, z'4 It is well known that the morphology of 
polysilicon/silicon interface plays an important role in 
shaping the diffusion profiles of doping impurity and the 
electrical properties polysilieon emitter bipolar transist- 
ors. ~-6 Recently, it was found that the incorporation of fluo- 
rine atoms in the polysilicon films during BF~ implantation 
has the effect of accelerating the breakup of polysili- 
con/silicon interracial oxide. 7 However, the breakup of in- 
terracial oxide loses the improvement of de current gain of 
bipolar transistors. 8 Moreover, in our recent studies, it was 
observed that two groups of fluorine bubbles are dis- 
tributed in the as-implanted fluorine peak region and at 
the original polysilieon/silicon interface. 9 The presence of 
fluorine bubbles at the polysilicon/silicon interface affects 
the transport of majority and minority carrier in the emit- 
ter region. For boron-implanted polysilicon/silicon sys- 
tems, it was found the boron profiles and the junction 
depth are sensitive to the dopant dose. I~ Moreover, the 
high dopant dose may require undesirably long implanta- 
tion times. Therefore, a new technique to form more shal- 
low and uniform junctions is necessary. 

In our previous studies, we have shown that an Si-B layer 
can be deposited in a UHV/CVD system at low temperature 
(550~ ~2 Auger electron spectroscopy (AES) and sec- 
ondary ion mass spectroscopy showed that boron concen- 
tration is extraordinarily high. From the analysis of trans- 
mission-electron diffraction, the phase of silicon hexa- 
boride (SiB6) was found to be present in the as-deposited 
Si-B layer. The results indicated that Si-B layer can be 
regarded as an infinite diffusion source of boron atoms. 
Recently, it was found that the Si-B layer source diodes 
exhibit a shallower junction depth and better I-V charac- 
teristics than conventional BF~-implanted polysilicon 
source diodes. ~3 Here, we investigate the characteristics of 
boron diffusion profiles in the polysilicon/silieon system by 
using a thin Si-B layer as diffusion source. 

Experimental 
The substrates used in this experiment were n-type, (I00) 

Si wafers with a resistivity of 0.5 to 2 O-cm. Prior to 
polysilicon deposition, all wafers were dipped in a dilute 
HF solution to remove surface native oxide followed by a 

532 

deionized water rinse. Then, polysilicon films with a thick- 
ness of 3500 A were deposited in a low pressure chemical 
vapor deposition (LPCVD) system at 625~ using Sill4 gas. 
The deposition pressure and deposition rate were 180 
220mTorr and 110 A min -I, respectively. During the 
LPCVD polysilicon deposition process, a native oxide was 
formed at the polysilieon/silicon interface. After polysili- 
con deposition, all wafers were recleaned and loaded into 
the loading chamber of UHV/CVD system after a diluted 
HF dip, and then transferred into the reaction chamber. 
The UHV/CVD system is an isothermal hot-wall system 
that consists of a reaction chamber and a loading chamber. 
The base pressure of the reaction chamber is 2 • 10 -8 Tort. 
The Si-B layer with a thickness of 350 A was grown by 
using a mixture of pure Sill4 and B2H6 (1% in H2) at 550~ 
The gas ratio of B2HJSiH4 and gas pressure were 1 and 
1.51 mTorr, respectively. After Si-B layer deposition, all 
wafers were annealed in the temperature range of 900 to 
1000~ During the drive-in stage, some boron atoms dif- 
fused from Si-B layer into polysilicon and single-crystal 
silicon to form p§ junction and the Si-B layer was oxi- 
dized completely. For comparison, BF~ implanted-polysili- 
con/silicon (80 keV, 6 • i0 I~ cm -2) was annealed in the 
temperature range of 900 to 1000~ Finally, the thickness 
of Si-B layer and structure morphology of Si-B layer/ 
polysilieon/silicon substrate were examined by cross-sec- 
tional transmission electron microscopy (XTEM) using a 
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Fig. 1. SIMS boron depth profiles of as-deposited Si-B layer on 
polysilicon/silicon. 
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Fig. 2. Cross-sectional TEM micrograph of an Si-B layer/polysili- 
con/silicon substrate structure. 

JEOL 200 CX microscope, operating at 200 keV. The analy- 
sis of boron distribution profiles were carried out with a 
CAMECA IMS-4f ion microanalyzer using O~ primary ion 
bombardment.  

Results and Discussion 
Characteristics of as-deposited Si-B layer on polysili- 

con.-- Figure 1 shows the SIMS boron depth profiles of 
as-deposited Si-B layer on polysilicon/silicon. The boron 
concentration of Si-B layer is extraordinarily high and an 
abrupt transit ion boron profile between Si-B layer and 
polysilicon can be obtained by UHV/CVD techniques. Fig- 
ure 2 shows the cross-sectional TEM micrograph of an Si-B 
layer/polysilicon/silicon substrate structure. The interface 
of Si-B layer/polysilicon is free of oxide. It is deduced that 
the diffusion of boron between Si-B layer and polysilicon is 
free of an interfacial oxide barrier. The absence of interfa- 
cial oxide is at tr ibuted to the passivation of surface dan- 
gling bonds of polysilicon silicon by hydrogen atoms to 
form hydrogen-silicon bonds after an HF solution etch- 
ing. 14 This hydrogen passivation layer effectively retards 
the oxidation of polysilicon surface before the deposition of 
UHV/CVD layers. Moreover, the analysis of transition elec- 
tron diffraction pattern showed that the phase of silicon- 
hexaboride (SiB6) was found to be presented in as-de- 
posited Si-B ]ayerJ 2 

Diffusion behavior orb  in the Si-B layer/polysilicon/sili- 
con.--Figure 3 shows the SIMS boron depth profiles in the 
Si-B layer/polysilicon/silicon structures after thermal an- 
neaiing in an N2 ambient  at 900~ for 30 min. As mentioned 
previously, the diffusion of boron from the Si-B layer into 
polysilicon is free of interracial oxide barrier. Some boron 
atoms diffused from the Si-B layer into polysilicon during 
the thermal drive-in stage. At the same time, the boron 
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Fig. 3. SIMS boron depth profiles of Si-B layer/polysilicon/silicon 
after thermal annealing in an N2 ambient at 900 C for 30 min. 

Fig. 4. Cross-sectional TEM micrograph of an Si-B layer/polysili- 
con/silicon substrate structure after Ihermal annealing in an N2 am- 
bient at 900~ for 30 min. 

atoms transport across the polysilicon/silicon interface 
into silicon substrate to form a shallow junction in the sili- 
con substrate. Moreover, the Si-B layer remained on the 
polysilicon surface after the thermal drive-in stage. It has 
been reported that the boron diffusivity is strongly reduced 
in single-crystal silicon and polysilicon where the boron 
concentration exceeds the solid solubility l imit? '1~'16 In our 
previous studies, we have shown that the presence of SiB6 
in the Si-B layer may lead to the reduction of boron diffu- 
sivity in the Si-B layer during thermal annealing.I2 There- 
fore, most boron atoms are immobile in the thin Si-B layer 
during thermal annealing. This implies that boron released 
from the Si-B layer diffuses in polysilicon and is finally 
mainly located in grain boundaries. The boron profile 
within the polysilicon film exhibits a gradual increase of 
boron concentration toward the polysilicon/silicon inter- 
face. The phenomenon also was observed for boron-im- 
planted polysilicon and in situ doped polysilicon as diffu- 
sion sources. 1~ The XTEM micrograph, Fig. 4, reveals a 
smaller polysilicon grain size near the polysilicon/silicon 
interface. Therefore, it is explained by the effect of nonuni-  
form grain size distribution and the segregation of boron 
atoms in the polysilicon grain boundaryJ ~ Rausch et al. 19 
showed the segregation of boron into the polysilicon with a 
segregation coefficient of 0.7. 

Oxidation of Si-B layer.--As mentioned previously, the 
Si-B layer remained on the polysilicon surface after the 
thermal drive-in process. However, it was found that the 
high boron concentration layer exhibits a high resistivityP ~ 
The Si-B layer increases the series resistance for device 
applications. Therefore, it is desired to remove the Si-B 
layer after the thermal drive-in process. A process to re- 
move Si-B layer during drive-in stage was developed in 
this study. It was found that the Si-B layer was easily oxi- 
dized in wet oxygen atmosphere. Figure 5a shows the SIMS 
boron profile as a function of sputtering time for Si-B 
layer/polysilicon/silicon system after thermal annealing at 
900~ for 35 min in an N2 ambient and 5 rain in a wet 02 
ambient. Si-B layer was oxidized and the oxide layer con- 
tains high boron concentration. From the analysis of 
Fourier transform infrared spectroscopy (FTIR), the Si-B 
oxide layer reveals the absorption band of the Si-O at 9.2 
and B-O at 7 ~m. Therefore, the Si-B oxide layer is consid- 
ered to be the mixing of SiO2 and B~O3. ~1 The Si-B oxide 
layer was easily removed with a diluted HF solution. Fig- 
ure 5b shows the boron depth profile of Fig. 5a after remov- 
ing the Si-B oxide layer. The SIMS boron depth profile 
demonstrated that the Si-B layer was completely removed 
by this technique. Moreover, whether the Si-B layer is 
present can be determined by the nature of surface. The 
surface of Si-B layer was found to be hydrophilic even after 
a diluted HF solution dip; 12'2~ however, the surface of poly- 
silicon exhibits a hydrophobic nature. 

Influence of thermal oxidation of Si-B layer on boron 
diffusion profiles.-- The effects of thermal oxidation of Si- 
B layer on the boron diffusion profile in the polysilicon/sil- 
icon system have been investigated as a function of differ- 
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ent thermal processes. Three groups of wafers were an- 
nealed at 900~ for 30 min. The detailed drive-in process of 
sample A, B, and C is as follows: sample A: 5 min in an N~ 
ambient, 5 min in a wet O2 ambient, and 20 rain in an N2 
ambient; sample B: 15 min in an N2 ambient, 5 min in a wet 
O~ ambient, and 10 min in an N2 ambient; and sample C: 
25 min in an N~ ambient and 5 rain in a wet O2 ambient. 

Figure 6 shows the boron depth profiles of samples A, B, 
and C in the polysilicon/silicon after removing the Si-B 
oxide layer. Comparing the three curves in Fig. 6, the shape 
of boron profiles and the junction depth in the silicon sub- 
strate are almost the same for samples A, B, and C. The 
boron profiles of sample A, B, and C, compared with Fig. 3, 
indicate that the diffusion of boron was slightly enhanced 
by the wet oxidation of Si-B layer. The boron profiles 
within the polysilicon films exhibited a gradual increase of 
boron concentration toward the polysilicon/silicon inter- 
face and a discontinuity of boron profiles at the poly- 
silicon/silicon interface for all samples. Moreover, the 
tendency of increasing boron concentration and the discon- 
t inuity of boron profile are most pronounced for sample C 
and least pronounced for sample A. As mentioned previ- 
ously, the increasing boron concentration is attributed to 
the nonuniform grain size distribution in the polysilicon 
film and the segregation of boron atoms in the polysilicon 
grain boundary. Moreover, Rausch et al. ~ have shown that 
the discontinuity of boron profiles at the polysilicon/silicon 
interface is caused by the segregation of boron in the 
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Fig. 6. SIMS boron depth profiles of samples A, B, and C in the 
polysilicon/silicon after removing the Si-B oxide layer. 

polysilieon grain boundary region with a segregation coef- 
ficient of 0.7. The polysflicon contacted p+-n shallow junc- 
tion formation with process of A, B, and C has been fabri- 
cated. The electrical properties of diodes with process C are 
better than those of diodes with processes A and B. The 
results suggest that the drive-in process of C is more suit- 
able for high performance device fabrication. 
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Fig. 5. (a) SIMS boron profile vs. sputtering time for Si-B layer/ 
polysilicon/silicon system after thermal annealing at 900~ for 
35 min in an N2 ambient and 5 min in a wet O~ ambient. (b) SIMS 
boron depth profile of (a) after removing the Si-B oxide layer. 

Comparison of grain sizes in Si -B and BF2 s a m p l e s . -  
Figure 7a and b show the plan views of TEM micrograph of 
polysflicon films for Si-B layer source and BF~ implanted- 
polysilicon source, respectively. The samples were annealed 
at 900~ for 30 min. The average grain size of polysilicon 
for Si-B layer source is much larger than that of BF~ im- 
planted-polysilicon source, as observed from a comparison 
with Fig. 7a and b. A larger polysilicon grain size for Si-B 
layer source samples is explained by the effects of excess 
concentration of silicon self-interstitial generation and 
diffusion into polysilicon during Si-B layer wet oxida- 
t ionY '2~ The silicon self-interstitials are known to have a 
short diffusion length in polysilicon because they are cap- 
tured at grain boundaries. The absorption of silicon self-in- 
terstitial at polysilicon grain boundaries rendered the grain 
boundaries mobile and secondary grain growth. Further, it 
has been reported that the generation of silicon self-inter- 
stitial increases with the oxide growth ra te)  ~ In our exper- 
iment, the Si-B layer exhibits a much higher oxidation rate 
than undoped polysilicon. A large amount of silicon self- 
interstitial can be injected into polysilicon during Si-B 
layer oxidation and a larger grain size can be obtained for 
Si-B layer source. In addition, it is well known that the 
impurity of oxygen atoms can be incorporated into the 
polysilicon film during deposition. The incorporation of 
oxygen atoms in the polysilicon films can inhibit  secondary 
grain growth during subsequent high temperature anneal-  
ing and increase sheet resistance by reducing both Hall 
mobility and carrier concentration. 25 In our experiment, 
the SIMS oxygen depth profile shows that the counts of 
oxygen atoms of LPCVD deposition films are much higher 
than the UHV/CVD deposition films. This is at tr ibuted to 
the background partial pressure of oxygen in the LPCVD 
system being higher than the UHV/CVD system. After ther- 
mal annealing, most oxygen atoms in the polysflicon films 
diffused into Si-B layer and the counts of oxygen in the 
Si-B layer is higher than the LPCVD polysilicon films. 26 
The results indicate that the secondary grain growth can be 
enhanced for Si-B layer as diffusion source during subse- 
quent high temperature annealing due to the gettering of 
oxygen by the Si-B layer. Therefore, a larger polysilicon 
grain size can be obtained by using Si-B layer as diffusion 
source. 

Comparison of boron profiles for Si -B layer source and 
BF~2-implanted poIysilicon source . - - In  the following inves- 
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tigations, we have compared boron diffusion in the polysil- 
icon/silicon from Si-B layer source and BF~-implanted 
polysilicon source. Figure 8a shows the boron depth pro- 
files for Si-B layer source after the thermal drive-in at 900, E 
950, and 1000~ for 30 min. The Si-B layer oxidation time 
was properly chosen depending on the drive-in ~empera- o 
ture. The oxide layer was removed after thermal drive-in. "~ 
The surface boron concentration, C~, value can be obtained 
by the linear extrapolation of boron profiles in the silicon 
toward the polysilicon/silicon interface. 1~'~6 The surface 
boron concentration at the silicon side of the interface was 
increased with drive-in temperature. The phenomenon is 
more pronounced for drive-in temperatures ranging from o 
950 to 1000~ From the SIMS boron profiles, the junction 
depths were estimated to be 0.05, 0.14, and 0.35 ~m for 900, 
950, and 1000~ respectively. Figure 8b show the boron 
depth profiles in the polysilieon/silicon for BF~-implanted 
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Fig. 8. SIMS boron depth profiles for (a) Si-B layer source (b) 
BF~-implanted polysilicon source after thermal drive-in at 900, 950, 
and 1000~ for 30 min. 

Fig. 7. The plan views of TEM micrograph of polysilicon films for 
(a) Si-B layer source and (b) BF~-implantedpolysilicon source. 

polysilieon source after thermal drive-in at 900, 950, and 
1000~ for 30 rain. The boron diffusion profiles in the sili- 
con substrates for BF~-implanted polysilicon source are 
much deeper than those of Si-B layer source, as observed 
from a comparison with Fig. 8a and b. The junction depths 
for Si-B layer source samples are much shallower and less 
sensitive to the drive-in temperature. The C~ values for BF~- 
implanted polysilicon source are larger than those of Si-B 
layer source for each drive-in temperature. The results in- 
dicate that the C~ values are dependent on the diffusion 
source. Figure 9a and b shows the boron depth profiles in 
the polysilicon/silicon for Si-B layer source and BF~-im- 
planted polysilicon source after thermal drive-in at 950~ 
for several diffusion times. The junction depths for Si-B 
layer source are much shallower and less sensitive to the 
annealing time than those of BF~-implanted polysilicon 
source, as observed from a comparison with Fig. 9a and b. 
Moreover, the C~ values for two types of diffusion source 
are independent of diffusion time. That is, the C~ values for 
two types of diffusion source are dependent on drive-in 
temperature and independent of drive-in time. For a con- 
stant diffusion source, the junction depth is usually ap- 
proximated by 

Xj = K ( D s t )  1/2 [1] 

where K is a numerical constant, and Ds is the effective 
boron diffusivity. It has been reported that the effective 
diffusion constant Ds seems to increase more than linearly 
with interface concentration C~ for boron diffusion in the 
polysilicon/silieon. 16 Therefore, according to Eq. 1, the 
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deeper junction depth for BF~-implanted polysilicon 
source is considered to be due to the larger C~ value. The 
SIMS fluorine depth profiles showed a fluorine peak at the 
polysilicon/silicon interface for BF~-implanted polysilicon 
source. As mentioned previously, the pileup of fluorine 
atoms at the polysilicon/silicon interface has the effect of 
accelerating the breakup of polysilicon/silicon interracial 
oxide and epitaxial regrowth of polysilicon films. For ex- 
ample, the XTEM micrographs showed that the interfacial 
oxide layer was completely broken up and 30 % polysilicon 
film was epitaxially aligned with silicon for BF~-implanted 
polysilicon as diffusion after thermal annealing at 950~ 
for 30 min. 9 In addition, the fluorine bubbles were ob- 
served at the polysilicon/silicon interface. 9 Therefore, the 
larger C~ value for BF~-implanted polysilicon source is con- 
sidered to be the fluorine effect. In contrast, Fig. 10a, b, and 
c show the XTEM micrographs of polysilicon/silicon struc- 
ture for Si-B layer source samples after thermal annealing 
at 900,950, and 1000~ for 30 min, respectively. The XTEM 
micrographs of Fig. 10a and b show that the epitaxia] 
alignment of polysilicon film does not occur for 900 and 
950~ annealed samples. However, as shown in Fig. 10c, the 
interracial oxide was partially broken up and the poly- 
silicon films were partially epitaxially aligned with silicon 
for the 1000~ annealed sample. The maximum thickness 
of the epitaxial alignment of polysilicon film was estimated 
to be 280 A. The partial epitaxial alignment of polysilicon 
film may lead to the rapid increase in surface boron 
concentration for annealing temperatures ranging from 
950 to 1000~ 
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Fig. 9. SIMS boron depth profiles in the polysilicon/silicon for 
(a) Si-B layer source (b} BF~-implanted polysilicon source after ther- 
mal drive-in at 950~ for several diffusion times. 

Fig. 10. The XTEM micrographs of polysilicon/silicon structure for 
Si-B layer source samples after thermal annealing at [a) 900, (b) 950, 
and (c) 1000~ for 30 min. 

Conclusion 

The characteristics of boron diffusion in the polysilicon/ 
silicon system with a 350 A thick Si-B layer as diffusion 
source have been investigated. The boron diffusion profiles 
within the polysilicon exhibited a gradual increase of 
boron concentration toward the polysilieon/silicon inter- 
face. The phenomenon possibly is caused by the effect of 
nonuniform grain size distribution and the segregation of 
boron atoms in the polysilicon. To obtain high performance 
devices, a drive-in process for Si-B layer source was sug- 
gested. A larger polysilieon grain size for Si-B layer source 
is attributed to be the effects of the gettering of oxygen 
impurity by the Si-B layer and secondary grain growth 
during the wet oxidation of Si-B layer. Moreover, the junc- 
tion depths for Si-B layer source are much shallower and 
less sensitive to thermal  budget  than  those of BF~- 
implanted  polysil icon source. This is expla ined by  the 
effect of the smaller  surface concentrat ion,  Cs, for  Si-B 
layer  source. 
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