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Improvements in silicon epilayer quality have been achieved through the application of a modified three-step pre-epitaxial intrinsic gettering technique to n-type substrates. A systematic comparison was made between epilayers grown on lightly phosphorusdoped, heavily phosphorus-doped,
and heavily antimony-doped
substrate wafers processed through a simulated Twin Tub CMOS
fabrication flow. Inhibition of oxygen precipitation and microdefect formation in the bulk of n-type substrate wafers was observed in
both heavily phosphorus- and antimony-doped
wafers. Microdefects formed at the epilsubstrate interface were observed only in
heavily phosphorus doped wafers. They might explain the better quality in the epilayer grown on heavily phosphorus doped substrates
than that on heavily antimony doped wafers.

INTRODUCTION
One of the inherent limitations to CMOS device performance is latch-up. Susceptibility to latch-up increases
with increased device packing density as CMOS circuits
are scaled down to the micron and sub-micron levels. A
method to eliminate latch-up in CMOS devices is through
the use of silicon epitaxial structures [1-5J. Improved
latch-up immunity by reduction in substrate resistance
(Rs) can be obtained through the use of n-type epilayers
over heavily doped n+ substrates [6,7,8J. Although the
use of n on n + epitaxial structures improves CMOS
latch-up immunity, the quality of the epilayer also directly
affects other device parameters and yield [9,10J. One of
the major concerns in using epitaxial structures for
CMOS technology is the interaction of substrate material
properties on epilayer quality.
The application of intrinsic gettering techniques to
silicon epitaxial processing has mainly focused on bipolar
devices using n on p epitaxial structures [11,12J. Since upcoming CMOS technology is mostly based upon n/n + or
p/p+ structures, it is very important to understand the
interaction of heavily doped substrate material properties
with oxygen precipitation gettering mechanisms. To our
knowledge, a rather limited number of scientific reports
have so far appeared in the literature on this subject
[13-15J. In this investigation, we examined the effectiveness and durability of intrinsic gettering techniques
for various n/n + epitaxial, structures by monitoring
minority
carrier
lifetime and defect distribution
throughout simulated CMOS Twin Tub Process cycles.
EXPERIMENTAL
N-type silicon crystals for this investigation were
grown in a Siltec 8600 model furnace under the same
growth conditions. The details of the growing parameters
are described elsewhere [16J. Dopants were antimony
and phosphorus and resistivity was in the range of
0.01-0.02 ohm-ern. The growth direction was < 100>.
Crystal diameter and length were 100 mm and about
580 mm, respectively. For these heavily doped wafers, no
direct measurement of oxygen content was possible by
the IR method due to free carrier absorption. However,
in the growing process used to produce these crystals,
oxygen content of lightly-doped materials ranges from 13

to 18 ppma (with the conversion factor of 4.9). Recent
studies by Japanese researchers indicate that heavily
doped n-type materials generally exhibit lower oxygen
contents than lightly doped materials grown under the
same conditions [17,18J. High resistivity (n ") wafers
(10-12 ohm-ern) were included in our tests as a control
group. Interstitital
oxygen content of these wafers
typically ranged from 16 to 18 ppma. Carbon concentrations were <0.5 ppma. Prior to epi deposition, some of
the wafers were subjected to a high-low-medium, threestep pre-epitaxial intrinsic gettering cycle. This gettering
cycle was chosen based on the results from earlier investigations [5J. First, a protective oxide was grown at 950°
for 45 min. in a dry O2 ambient. This was followed by a
4-h denudation cycle at 1150°C in N2. Nucleation was
achieved by a 16-h anneal at 700°C in N2. Finally, a 24-h
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Fig. 1. Typical doping profile of non-gettered and IG n/n + (P)
epitaxial structures during simulated CMOS cycles.
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anneal was carried out at 950°C in N2 to induce oxygen
precipitation and microdefect formation inside the bulk
of the wafer. N-type arsenic-doped epilayers, 10 to
15 ohm-ern, were grown in an AMC-7810 radiantly
heated barrel reactor. SiHCl3 was used as the source gas,
and deposition occurred at 1100°C with a growth rate of
0.75 /-tm/min. Epilayers grown over lightly phosphorousdoped substrates and heavily antimony-doped substrates
were 15 /-tm thick while those over heavily phosphorous
substrates
were 18 /-tm in thickness. The heavily
phosphorous
doped substrates were oxide backside
sealed prior to epi deposition. After epilayer deposition,
wafers were subjected to a simulated CMOS Twin Tub
process. For this study, wafers went through the frontend temperature cycles (up to gate oxidation) without
receiving any implantation and masking steps.
Two wafers of each group were pulled after (i) initial
oxidation, (ii) n-well drive, and (iii) gate oxidation for
minority carrier lifetime, doping profile and defect
distribution measurements. To measure minority carrier
lifetime, wafers were stripped and a 1000 A gate oxide
layer was grown thermally at 950°C. AI-Si dots (2 mm
diameter) were then sputtered on the front surface to
form MOS capacitors. Wafers were annealed at 450°C
for 40 min. in forming gas before profile C-t measurements. Changes of epi/substrate doping profile during
the simulated CMOS cycles were checked by spreading
resistance probe (SRP) measurements. Planar and crosssection defect distribution for various epilsubstrates were
chemically delineated by Wright etchant for 3 min. for
optical microscopic observations. The planar defect density was determined by the 9-point counting method [19].
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By tailoring the epi/substrate
dopant transition
region width and epilayer thickness to a given CMOS
process, latch-up hardening can be greatly enhanced. A
sharper transition region has been known to improve
latch-up hardness [5]. Besides latch-up, transition region
width is an important parameter for the determination of
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Fig. 3. Variation of minority carrier lifetime in epilayers grown
on various n-type substrates during simulated CMOS cycles.
DEFECT DENSITY (#/cm2)
WAFER
TYPE

ETCH PITS

nn/n :
IG nInnln + (P)
nln + (Sb)
IG nln + (P)
IG nln + (Sb)

STACKING
FAULTS

O

0

314

105
523
87
140
0
52

O

698
1343
314
419

Table 1. Radial defect density of various n/n - and n/n + epi
structures, and n - substrates based upon the 9-point counting
method.

epilayer quality since it affects the doping level inside the
epilayer. In this study, doping profiles of n/n + epi structures were measured. Typical SRP profiles for non-gettered
and intrinsically-gettered (Ie) n/n + epi structures during
CMOS cycles are shown in figures 1 and 2. Our data
clearly demonstrate that n/n + (P) exhibits a much wider
transition region than n/n+ (Sb). This is not surprising
since the diffusion coefficient of phosphorous is much
higher than that of antimony. Therefore, CMOS devices
fabricated on n/n + (Sb) epi wafers are expected to be
more latch-up resistant than those on n/n + (P) epi
wafers. We also noticed that Ie n/n + epi wafers always
develop a lar*er transition width region than that of nongettered n/n
epi wafers.
II. MINORITY

REGION

n/n + (Sb)
n/n-

20

Fig. 2. Typical doping profile of non-gettered and IG n/n + (Sb)
epitaxial structures during simulated CMOS cycles.
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Minority
carrier lifetime is sensitive
to the
crystallographic perfection and chemical purity of the
material (20). The variation in minority carrier lifetime
for various epi/substrate structures during the simulated
CMOS cycle is shown in figure 3. The results show that
the minority carrier lifetime of epilayers on Ie n +
substrates is higher than that of layers on non-gettered
n + substrates. Also, carrier lifetime of epilayers on n +
(P) substrates is generally higher than that of layers n +
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5.

Fig. 4. Cross section optical photomicrographs for (a) non-gettered n/n + (P) and (b) non-gettered n/n + (Sb) epi structure after the gate
oxidation cycle (Vertical scale is 5 times horizontal scale).
Fig. 5. Cross section optical photomicrograph
horizontal scales are same as Fig. 4).

for a lightly phosphorous

(Sb) substrates. Beneficial effects from pre-epitaxial intrinsic gettering cycles mostly occur after the n-well drive
step rather than after the initial oxidation. After the
n-well drive step, minority carrier lifetime drops quite
rapidly during the tail end of the CMOS process cycles.
At present, the cause of this rapid drop is not understood.
III. DEFECT DISTRIBUTIONS
A.

RADIAL

DISTRIBUTIONS

The radial defect density of the epilayer during the
CMOS cycles was measured (based upon the 9-point
counting method). The density of etch pits and stacking
faults in various n/n +, n/n - epi structures and n "
substrates is summarized in Table I. It was noted that
lightly phosphorous doped (n -) substrates are free of any
crystallographic
defects even after the gate oxidation
cycle. In the case of heavily doped substrates, the defect
density of epilayer on IG n + substrates is significantly
lower than that of layers on non-gettered n + substrates.
Also, the defect level of epilayers grown on heavily
phosphorous-doped
substrates is generally lower than
that of layers grown on heavily antimony-doped
substrates.
6(a).

doped (n -) wafer after the gate oxidation cycle (Vertical and

B. CROSS-SECTIONAL

DISTRIBUTIONS

Oxygen precipitation and microdefect formation in
the bulk of n-type substrates is strongly suppressed by
high doping concentrations of phosphorous and antimony throughout the simulated CMOS cycles as shown
in figure 4. This is not evident for lightly phosphorous
doped wafers as shown in figure 5. In contrast to nongettered n/n + epi structures, IG n/n + epi structures
develop a rather well-defined denuded zone with some
noticeable amounts of precipitates inside the bulk shown
in figure 6. Even though the behavior of heavily
phosphorous
doped substrate was similar to that of
heavily antimony
doped substrate,
there exists a
noticeable difference. In the case n/n + (P) structures, a
rather pronounced defect layer close to the epi/substrate
transition region was observed while no such layer was
present in n/n + (Sb) structures (see figure 7).
The type of these microdefects is still under investigation. These microdefects in the epi/substrate transition
region might explain the higher quality in the epilayer
grown on heavily phosphorous-doped
substrates compared to that on heavily antimony-doped substrates.
7.

Fig. 6. Cross section optical photomicrographs for (a) IG n/n + (P) and (b) IG n/n + (Sb) epi structure after the gate oxidation cycle
(Vertical and horizontal scales are same as those of Fig. 4).
Fig. 7. Cross section optical photomicrograph of a defect layer found at the transition region of an n/n + (P) epitaxial structure after the
gate oxidation cycle (Vertical scale is 5 times horizontal scale).
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SUMMARY
In this study, the effects of n-type substrate doping
level and species on epilayer quality for a CMOS Twin
Tub process technology were investigated in various
n/n + epi structures. The following is a brief summary of
experimental observations:
.
.
1. Oxygen precipitation and microdefect formation Inside the bulk of n-type substrates is inhibited by high
doping concentrations of phosphorous or anti~on>-:.
2. Through the application of a three-step pre-epitaxial
intrinsic gettering technique,
a minority carrier
lifetime in epilayers equivalent to that of lightly
phosphorous
doped wafers can be maintain~d
throughout the simulated CMOS process cycles In
heavily phosphorous- and antimony-doped wafers.
3. A pronounced defect layer in the epi/substrate transition region was observed for n/n + (P) epi structures.
This might explain the better quality of epilayers
grown on heavily phosphorous-doped
substrates as
compared
to that of layers grown on heavily
antimony-doped substrates.
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