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Low-Temperature Growth of Silicon-Boron
Layer as Solid Diffusion Source for
Polysilicon Contacted p™—n Shallow Junction
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Abstract— A new material, Si-B, is proposed as a solid dif-
fusion source for fabrication of poly-Si contacted p*-n shallow
junctions. The junction depth of the Si-B source diode has been
measured and compared with that of a BF;r -implanted poly-Si
source diode. It was found that the Si-B source diode had a
much shallower junction and was less sensitive to thermal budget
than the BF; source diode. This was attributed to the smaller
surface concentration and diffusivity of boron in the silicon in
Si-B source diodes. Regarding electrical characteristics of diodes
with a junction depth over 500 A, a forward ideality factor of
better than 1.01 over 8 decades and a reverse-current density
lower than 0.5 nA/cm® at —5 V were obtained. As the junction
depth shrank to 300 A, the ideality factor and reverse current
density of diodes increased slightly to 1.05 and 1.16 nA/cm?,
respectively. These results demonstrated that a uniform ultra-
shallow p™-n junction can be obtained by using a thin Si-B layer
as a diffusion source.

I. INTRODUCTION

N order to obtain high-performance devices, heavily doped

poly-Si films were used as a diffusion source to fabricate the
‘elevated source/drains of CMOS devices and poly-Si emitter
bipolar transistors [1], [2]. The advantages of using a heavily
doped poly-Si film as a diffusion source are increased packing
density and switching speed, and elimination of aluminum
spiking through p-n shallow junctions [1]-[4]. Therefore, the
study of poly-Si contacted p™-n shallow junctions is important
for p-n-p poly-Si emitter bipolar transistors and CMOS device
applications.

Poly-Si contacted p™-n shallow junctions can be fabricated

using several techniques.

1) The p* poly-Si films are often doped by BFJ implan-
tation, and boron  atoms diffuse into the Si substrate
to form p™-n shallow junctions [5], [6]. However, due
to the rapid diffusion of boron atoms, the emitter-
base junction depth was sensitive to the thermal budget
[5]-[8]. It wag also reported that a lower implantation
dose at the poly-Si contacted window sidewall, and the
shadowing effect may lead to a nonuniform junction [9].
As expected, the effects were more pronounced for as-
deposited poly-Si with an anisotropic structure [6]. It
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was also found that incorporation of fluorine atoms in the
poly-Si films had the effect of accelerating the break-up
of poly-Si/Si interfacial oxide, and formation of fluorine
bubbles at the poly-Si/Si interface [7], [10], [11]. It is
well known that the morphology of the poly-Si/Si in-
terface plays an important role in the impurity diffusion
profile and the electrical properties of polysilicon-emitter
bipolar transistors [2], [3]. The break-up of interfacial
oxide affects the transport of majority and minority
carrier in the emitter region [12].

2) The use of B-implanted poly-Si as diffusion sources has
been investigated in the poly-Si/Si system [13], [14]. It
was found the boron profile and the junction depth were
dependent on the dopant dose. Moreover, a high dopant
dose requires undesirably long implantation time. -

3) In-situ boron doped poly-Si diffusion sources were also
investigated in the poly-Si/Si system [14]. It was re-
ported that the junction depth and the morphology of
poly-Si/Si interfaces were related to boron concentration
[14]. :

As devices are scaled downward, it is necessary to scale
the vertical doping profile and base width downward. A new
process that forms very shallow and uniform junctions is
required. In previous studies, we have shown that an Si-B layer
can be deposited in an UHV/CVD system at low temperature
(550°C) [15]. After thermal annealing, we found some boron
atoms diffused from the Si-B layer into the poly-Si, but most
boron atoms were immobilized in the Si-B layer. These results
indicated that the Si-B layer can be regarded as an infinite
diffusion source of boron atoms. The previously mentioned
problems in forming poly-Si contacted pT-n shallow junc-
tions can be avoided by using this technique. Furthermore, a
high throughput can be obtained in a multi-wafer UHV/CVD
system. In this paper, we report on the characteristics of poly-
Si contacted pT-n shallow junctions formed with a thin Si-B
layer as a diffusion source (Si-B source). For comparison,
shallow junctions were also fabricated using a conventional
BF{ -implanted poly-Si as a diffusion source (BFg source).
The boron profiles and electrical characteristics of the Si-B-
and BF;-source diodes were analyzed and compared.

II. EXPERIMENTAL

The poly-Si contacted pT-n diodes were fabricated on n-
type, (100), Si wafers, with a resistivity of 0.5-2 2 - cm.
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A 6300 A-thick field oxide was grown and patterned. Prior
to poly-Si deposition, all wafers were dipped in a dilute
HF solution to remove surface native oxide, a deionzed-
water rinse followed deoxidizing. Then, poly-Si films with

a thickness of 3500 A were deposited in an LPCVD system

at 625°C using SiH, gas. All wafers were recleaned and a
polycrystalline Si-B layer with a thickness of 350 A was
deposited in UHV/CVD system at 550°C. After Si-B layer de-
position, all wafers were annealed in the temperature range of
875-1000°C. During the drive-in stage, some boron atoms dif-
fused from the Si-B layer into the poly-Si and Si to form p*-n
shallow junctions. In order to remove the Si-B layer, it was
completely oxidized in wet Oo ambient for a short oxidation
time during the drive-in stage. The oxidation time was chosen
to match the drive-in temperature. After removing the oxide
layer, aluminum film was evaporated and patterned. Finally, all
devices were sintered at 400°C for 30 min in an Ny ambient.
For comparison, devices fabricated via BF§ implant ( 80 KeV,
6 x 1015 cm™2) into poly-Si, with drive-in in the temperature
range of 850-1000°C forming p™-n diodes were made. The
cross-sectional structure of a poly-Si contacted diode is shown
in the inset of Fig. 6(a). The boron and fluorine depth profile
were measured by secondary ion mass spectroscopy (SIMS)
using OF primary ion bombardment. The current-voltage
characteristics of the diodes were measured with an HP4145B
parameter analyzer. Reverse current temperature dependence
was measured from room temperature to approximately 200°C
on a thermal chuck to study the junction leakage current
mechanism.

III. RESULTS AND DISCUSSIONS

A. SIMS Boron Profile and Junction Depth

Fig. 1(a) shows the SIMS boron depth profiles of as-
deposited Si-B layer on poly-Si and BF; -implanted poly-Si.
It is seen that the boron concentration in the Si-B layer is
extraordinarily high. The XTEM micrograph showed that the
Si-B/poly-Si interfaces were free of oxide [8], [15]. The oxy-
gen depth profile determined by the SIMS using Cs™ primary
ion bombardment also showed that there is no significant peak
at the UHV/CVD layer/LPCVD layer interface. Transition
electron diffraction pattern analysis showed that the silicon-
hexaboride (SiBg) phase was present in the as-deposited Si-B
layer [15]. By contrast, the boron profile of BF} as-implanted
poly-Si was broader and had a boron peak 750 A beneath
the poly-Si surface. The XTEM micrograph revealed that
the poly-Si surface layer was completely amorphized to a
depth about 1000 A by BFJ implantation. Fig. 1(b) shows the
SIMS boron depth profiles in the poly-Si/Si diodes made with
both diffusion sources, after drive-in at 900°C for 30 min.
It can be seen that the Si-B layer was completely removed
after the drive-in step. The boron profiles for diodes made
with both diffusion sources in single-crystal silicon were
characterized by Gaussian-like profile. Moreover, the boron
profile of Si-B source in the silicon substrate was much
shallower than that of BFj source. The junction depth of
diodes made with Si-B and BF] sources were estimated to be
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Fig. 1. (a) SIMS boron profiles of as-deposited Si-B layers on poly-Si and
BF% as-implanted poly-Si. (b) SIMS boron profiles in diodes from Si-B and
BF; sources after drive-in at 900°C for 30 min.

500 and 1300 A, respectively. Fig. 2(a) shows the junction-
depth curves, deduced from the SIMS profiles, versus the
annealing temperature for diodes from both diffusion sources..
It can be seen that the BF] diode junction depths increased
rapidly as annealing temperature was increased. In contrast,
the junction depths of diodes from the Si-B source were
less sensitive to temperature at annealing temperatures below
950°C. When the annealing temperature. rose above 950°C,
however junction depth also increased rapidly for Si-B source
diodes. The junction depths of Si-B source diodes were about
800 A to 1300 A shallower than BF;’ source diodes at the
same annealing temperature. Fig. 2(b) shows junction depth
curves versus annealing times at different temperatures for
diodes from both diffusion sources. The junction depths of Si-
B source diodes increased slowly for longer annealing times.
In contrast, the junction depths of BFy source diode increased
rapidly with increasing annealing times. At 950°C, the slope of
BF; source diode is 3.45 times higher than that of BF} source
diode. These results demonstrated that the junction depths of
Si-B source diodes were less sensitive to the thermal budget
than those of BF source diodes.

As mentioned previously, the Si-B/poly-Si interfaces were
free of oxide, therefore, the diffusion of boron atoms was
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Fig. 2. (a) Junction depth versus annealing temperature for Si-B- and

BFQL-sourcc diodes. (b) Junction depth versus annealing time for Si-B and
BF;' sources.

not limited by the Si-B/poly-Si interface. In addition, the
much deeper junction depth in BF; source diodes cannot be
attributed to the deeper boron profile in Fig. 1(a) because the
diffusivity of the boron in poly-Si was 50 to 220 times greater
than in Si [5]. The heavily poly-Si films could be considered a
constant diffusion sources due to the rapid diffusion of boron
in poly-Si. Referring to Fig. 1(b), it should be noted that the
surface concentration of BF] source diodes was much greater
than that of Si-B source diodes. The surface concentration
C., was obtained by linear.extrapolation of boron profiles
in the Si to the original poly-Si/Si interface [14]. For a
constant diffusion source, the junction depth X; is usually
approximated by

X; = K(D%)'/? )

where K is a numerical constant, and D, is the effective
boron diffusivity for C = C;. This indicate that the junction
depth is strongly related to the surface concentration C.
Fig. 3 shows the variations of C, with annealing temperatures
for both diffusion sources. The C; values of Si-B source
diodes increased slightly with annealing temperature but to
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Fig. 3. Surface boron concentration versus annealing temperature for Si-B-
and BF‘{~source diodes.

a much lesser degree than the BF; source diodes at annealing
temperatures below 950°C. As annealing temperature rose
above 950°C, C; values increased rapidly with temperature
reaching nearly the C; value of BF;r source diodes. The C,
values trend is consistent with the variation of junction depths
shown in Fig. 2(a). It has been reported that C,; values can
be increased with the increasing boron concentration in the
poly-Si [13]. It was thought that the break-up of interfacial -
oxide was dependent on the dopant dose [16]. The break-
up of interfacial oxide leads to an enhancement of dopant
emissivity at the poly-Si/Si interface. However, -as shown in
Fig. 1(a), boron concentrations in the poly-Si films were nearly
the same for diodes from both diffusion sources in our study.
Fig. 4(a) and 4(b) shows the XTEM micrographs of poly-
Si/Si for Si-B-and BF;-source diodes after drive-in at 900°C
for 30 min, respectively. For BFj -source diodes, the poly-
Si films were epitaxially aligned with silicon substrate and-
the fluorine bubbles were present at the original poly-Si/Si
interface. In contrast, the epitaxial regrowth of poly-Si film
does not occur in Si-B source diodes. For BFJ -source diodes,
the SIMS fluorine profiles showed a large fluorine atom pile-
up at the poly-Si/Si interface after annealing. The pile-up of
fluorine at the poly-Si/Si interface leads to an enhancement
of epitaxial regrowth of poly-Si films and the formation of
fluorine bubbles. The faster break-up of interfacial oxide and
the formation of fluorine bubbles in BF; source diodes may
lead to enhancement of dopant emissivity at the poly-Si/Si
interface and a larger C; value. For Si-B source diodes, a rapid
increase in (5 values at annealing temperatures of 950°C to
1000°C was also attributed to the break-up of interfacial oxide.
Fig. 5 shows the Arrhenius plots of boron diffusivity against
reciprocal absolute temperature for diodes from both diffusion
sources. DD, was calculated from the SIMS measurements
according to (1) with K = 2.4 [17]. The boron diffusivity
in BFjf-source diodes was found to be much larger than
that in Si-B-source diodes. The activation eénergy values of
boron diffusion in Si for Si-B- and BFj -source diodes were
determined to be 4.69 and 3.71 eV, respectively. As compared
with the activation energy of boron diffusion in Si (3.42 eV)
[18], the larger activation energy value of boron diffusion
in Si for diodes from both diffusion sources was attributed
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Fig. 4. XTEM micrographs of poly-Si/Si for (a) Si-B-source diodes, and (b)
BF;F-source diodes after drive-in at 900°C for 30 min.

to a diffusion barrier at the poly-Si/Si interface. As the
oxidation enhanced boron diffusion [18], the smaller boron
diffusion activation energy in BF; -source diodes than in Si-
B-source diodes may have been caused by the injection of Si
self-interstistials, [I], into the Si substrate. The [I] could be
generated in several ways.

1) The break-up of interfacial oxide was a source of [I]
which enhanced the diffusion of boron in the poly-
Si/Si [16]. It has also been reported that interfacial
oxide can act as a diffusion barrier to the diffusion
of boron in the poly-Si/Si, and the injection of [I]
into the Si substrate [19]. As mentioned previously,
the break-up of interfacial oxide was enhanced by the
presence of fluorine atoms. Therefore, deeper junctions
were obtained for BFJ source diodes.

2) Injection of point defects can be caused by implantation
defects in poly-Si {19]. It has been demonstrated that
the diffusion of boron in poly-Si/Si is enhanced by
implantation defects. For BF;’ implantation, the poly-
Si surface layer was completely amorphized to a depth
of about 1000 A. The injection of implantation defects
could lead to deeper junctions in diodes from BFj
source.

3) The pile-up of fluorine atoms at the poly-Si/Si interface
could lead to the formation of fluorine bubbles at the
poly-Si/Si interface in diodes from BFJ sources after
annealing [11]. Fluorine bubbles were found to increase
in size with higher annealing temperatures and longer
times. The formation and growth of fluorine bubbles at
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Fig. 5. Boron diffusivity versus reciprocal absolute temperature for Si-B-
and BFy -source diodes. '

the poly-Si/Si interface possibly acted as a source of
point defects.

4) In diodes from Si-B sources, the [I] could be gener-
ated by wet oxidation of the Si-B layer. Because the
interfacial oxide effectively acted as a diffusion barrier
to injection of interstitial into the Si substrate. The
diffusion of boron in the poly-Si/Si was obviously not
affected by wet oxidation of the Si-B layer at annealing
temperatures below 950°C. As annealing temperature
rose above 950°C, the diffusivity of boron was enhanced
by the break-up of interfacial oxide.

These results indicate that the fluorine atoms play an im-
portant role in creating deeper junctions in diodes from BF;
source. In contrast, the much shallower junctions depth in
diodes from Si-B sources was attributed to smaller surface
concentrations and boron diffusivity.

B. Electrical Characteristics

The electrical characteristics of poly-Si contacted diodes
from Si-B sources were also studied. For comparison, poly-Si
contacted diodes from both sources were driven-in at 900°C
for 30 min. As shown in Fig. 1(b), the junction in diodes from
Si-B source were much shallower than those in diodes from
BF; source. The XTEM micrograph revealed that epitaxial
regrowth of poly-Si film does not occur in Si-B-source diodes.
In contrast, poly-Si films were epitaxially aligned with silicon
substrates in BF;—source diodes. Fig. 6(a) and 6(b) shows the
forward and reverse I-V characteristics of poly-Si contacted
diodes from both sources. It can be seen that the Si-B-source
diodes had more ideal I~V characteristics than the BF; -source
diodes. The ideality factor of Si-B-source diodes was better
than 1.01 over 8 decades. The saturation current density J,
was found to be 6.53 x 1012 and 3.5 x 10712 A/cm? for
BF?':-. and Si-B-sources diodes, respectively. The larger J, for
BF; -source diodes was due to the increasing of recombination
velocity of minority carriers at the poly-Si/Si interface caused
by the presence of fluorine bubbles. At high current levels,
BF; -source diodes had a smaller forward current and a larger
series resistance than Si-B-source diodes. The larger series
resistance for BFJ-source diodes could be caused by the
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Fig. 6. The typical (a) forward, and (b) reverse I-V characteristics of Si-B-
and BF;Asource diodes. The cross-sectional structure of poly-Si contacted
diode is shown in the inset.

deeper junctions, the smaller poly-Si grain size [8], and the
presence of fluorine bubbles at the poly-Si/Si interface.

In the reverse-bias region, the Si-B-source diodes had a
reverse current density of less than 0.5 nA/cm? at —5 V, and a
kink in the reverse current. Moreover, the reverse current was
nearly independent of the reverse voltage in the range of —5 to
—50 V. In contrast, the BF;‘—source diodes had a large reverse
current. From the Arrhenius plots of log, (Ir/T?) versus 1/T
for the reverse currents, we found that the reverse current
mechanism at room temperature was dominated by generation
current in diodes from both sources. The kink in the reverse
current was considered to be field-induced surface-generation
current {20]. The surface-generation current is written as:

Igen,s = % (qnisoAs) 2

where A, is area where of poly-Si overlays the field oxide,
So = o Nt is the surface recombination velocity, Ny is the
density of surface recombination-generation centers, and o is
the capture cross-section. When the surface under field oxide
is inverted, the surface generation current will be independent
of the réverse voltage.

The reverse leakage current Jp can be separated into
two components; the area component Jg4 (nA/cm?) and the
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where A is the diode area and P is the diode perimeter length.
Fig. 7 shows the plots of Jp versus the P/A ratio for diodes
from both sources, where Jg is the reverse-current density
measured at —5 V. The values of Jg4 and Jrp derived from
these plots are also shown in Fig. 7. It can be seen that the
values of Jra and Jrp for Si-B-source diodes were much
smaller than that of the BF] -source diodes. The larger Jra
and Jgrp for BF;-source diodes was due to a less uniform
junction caused by the epitaxial regrowth of poly-Si films,
the faster diffusion of boron, and the implantation effects. -
These results demonstrate that a more uniform junction can
be obtained by using an Si-B layer as a diffusion source.

Fig. 8(a) shows the leakage current distribution histogram
plot for diodes from both diffusion sources. The histogram was
made by measuring at least 30 diodes. The value of leakage
current for Si-B-source diodes was concentrated around 0.1
and 0.5 nA/cm?. However, a larger fluctuation of leakage cur-
rent distribution was obtained for BFy -source diodes. This is
explained by the less uniform junction of BF; -source diodes.
Fig. 8(b) shows the breakdown voltage distribution histogram
for Si-B- and BF;’ -source diodes. All diodes exhibited hard
breakdown behavior, and the breakdown voltages range from
—5 to —60 V. From the preliminary data, it would appear that
the breakdown voltage of Si-B-source diode is higher than
that of BFEJ -source diodes. Uniform shallow junctions in Si-
B source-diode lead to a reduction in the electrical field at
the corners of the junctions and a higher breakdown voltage.
These resuits demonstrate that the electrical characteristics and
the uniformity of Si-B-source diodes are better than that of
conventional BF] -source diodes.

Fig. 9 shows the reverse leakage current density (Jg) at
—5 V plots and the forward ideality factor versus the an-
nealing temperatures Fig. 9(a) and times Fig. 9(b) for the
Si-B-source diodes. From Figs. 9(a) and (b) and 2(a) and (b),
we can see that the diodes with junction depths above 500 A
exhibited a forward ideality factor of better than 1.01 and
reverse current density lower than 0.5 nA/cm?. As the junction
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Fig. 8. (a) Histogram plot of leakage current density distribution for Si-B-
and BF;r -source diodes. (b) Histogram plot of breakdown voltage distribution
for Si-B- and BFjsource diodes.

- depth shrank to 300 A, the ideality factor and reverse current
density increased slightly to 1.05 and 1.16 nA/cm? (875°C, 30
min), respectively. The increase in reverse current was caused
by an increase in periphery current.

IV. CONCLUSIONS

In this paper, we have presented a report on the high-
performance poly-Si contacted pT-n shallow-junction made
using an Si-B layer -as a diffusion source. The advantages of
using the Si-B source are as follows:

1) The deposition temperature of the Si-B layer is low.

2) A high throughput can be obtained with a multi-wafer
UHV/CVD system. .

3) Si-B-source diodes have much shallower junctions that
are less sensitive to the thermal budget than conventional
BFZ -source diodes.

4) A large poly-Si grain size can be obtained from Si-B
source.

5) The I-V characteristics and uniformity of Si-B-source
diodes are better than conventional BF] -source diodes.
This is considered to be a more uniform junction for the
Si-B source.
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Fig. 9. Plots of the reverse leakage current density (Jr) at —5 V and the
forward ideality factor against (a) annealing temperatures, and (b) annealing
times for Si-B-source diodes.

6) The diodes with a junction depth above 500 A exhibited
a forward ideality factor better than 1.01 and reverse
current density lower than 0.5 nA/cm? at —5 V. As the
junction depth shrank to 300 A, the ideality factor and
reverse current density of diodes increased slightly to
1.05 and 1.16 nA/em?.

These results demonstrate that a high-performance poly-Si
contacted p*-n ultra-shallow junction can be obtained by using
an Si-B layer as a diffusion source.
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