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Dopant impurities were implanted at high dose and low energy (10*® em™2,
0.5-2.2 keV) into double-side polished 200 mm diameter silicon wafers and
electrically activated to form p—n junctions by 10 s anneals at temperatures of
1,025, 1,050, and 1,075°C by optical heating with tungsten incandescent
lamps. Activation was studied for P, As, B, and BF; species implanted on one
wafer side and for P and BFy implanted on both sides of the wafer. Mea-
surements included electrical sheet resistance (Rs) and oxide film thickness. A
heavily boron-doped wafer, which is optically opaque, was used as a hot shield
to prevent direct exposure to lamp radiation on the adjacent side of the test
wafer. Two wafers with opposing orientations with respect to the shield wafer
were annealed for comparison of exposure to, or shielding from, direct lamp
illumination. Differences in sheet resistance for the two wafer orientations
ranged from 4% to 60%. n-Type dopants implanted in p-type wafers yielded
higher Rs when the implanted surface was exposed to the lamps, as though
the effective temperature had been reduced. p-Type dopants implanted in 7-
type wafers yielded lower Rs when the implanted surface was exposed to the
lamps, as though the effective temperature had been increased. Effective
temperature differences larger than 5°C, which were observed for the P, B,
and BF5 implants, exceeded experimental uncertainty in temperature control.
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INTRODUCTION

Various thermal processes in silicon device fabri-
cation employ heating cycles with short time dura-
tions (e.g., from 1 s to 1 min) that are controlled by
exposure to photon irradiation and are generally
classified as rapid thermal annealing (RTA). Peak
heating temperatures are maintained by balancing
the heat influx against radiation thermally emitted
by the wafer and non-radiative losses through
ambient gas convection and conduction. The optical
spectrum of the heat source corresponds to an
effective temperature that exceeds the wafer
temperature by a factor of about 1.2 in a furnace-
based RTA method and a factor of about 2 in an
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incandescent-lamp RTA method. The larger photon
energy provided by lamp-based heating methods is
believed to be beneficial in the processing of silicon
solar cells, for example, when compared to conven-
tional furnace processes.! Rapid thermal optical
processing with incandescent lamps was shown to
be a viable method for junction formation in solar
cells.? Experimentation with a combination of
incandescent and mercury vapor lamps has indi-
cated an increase in dopant diffusion under ultra-
violet illumination.? Formation of shallow junctions
from phosphorus surface diffusion was found to be
affected also by exposure to vacuum ultraviolet
photons (wavelength 4 < 200 nm).* Photonic effects
have been studied in a variety of annealing experi-
ments,>® including the electrical activation and
diffusion of n-type dopants in crystalline silicon.”
Photonic enhancement with incandescent lamps
alone was deduced from dependence on illumination
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intensity of the annealing of As and BFy implant
species in silicon wafers.>® Differences between
lamp-RTA annealing and conventional furnace
annealing have been attributed to lamp photon
energies above 1 eV, corresponding to which the
radiation is above the Si band gap and is readily
absorbed.!”

Effective diffusion temperatures for phosphorus
and boron (but not As) have appeared to be higher
in a light-based heating method than in a conven-
tional furnace.!'’ The presence of ultraviolet and
vacuum ultraviolet photons in RTA processes were
also found to improve minority carrier lifetimes in
silicon wafers.!> Low temperature (500°C) non-
thermal effects of photo-illumination have been
observed in semiconductor surface diffusion’® and
bulk diffusion in silicon.

The work included in the above brief review is a
body of evidence with various certainties that an
athermal photon flux can influence the RTA process.
On the other hand, experiments specifically tailored
to discern photonic effects have found no significant
enhancement in the activation or diffusion of im-
planted boron, phosphorus or arsenic in silicon, al-
though analysis has allowed for possible photo-
effects in low-temperature processes.!® Further,
studies of the solar cell process found that the
presence of ultraviolet photons did not affect the
kinetics of dopant diffusion in silicon but did affect
the densification of the doped-glass surface film as
well as the emissivity of the silicon surface.'® In
another study of the solar cell process, phosphorus
was diffused from doped glass deposited on both
sides of wafers that were annealed in a lamp-RTA
system equipped with excimer ultraviolet lamps in
the upper side of the process chamber.'”'® No sig-
nificant differences were obtained in the dopant
activation on the two sides of the wafers, from which
it was concluded that ultraviolet exposure is inef-
fective for photothermal enhancement. However,
such results were deemed to be consistent with any
photothermal effect that could be produced by the
incandescent lamps themselves.?

EXPERIMENTAL OBJECTIVE

The objective of this paper is to present the
results of new experiments that were designed to
discern a photothermal effect in dopant activation
by comparing an environment of nearly equilibrium
photon flux, as in a conventional furnace, with that
of excess photon flux inherent to the lamp-based
RTA process. A partial furnace-like environment
was created on one side of a wafer in a lamp-based
RTA system by using a hot shielding wafer in close
proximity. The test and shielding wafer assembly
were heated simultaneously through an RTA cycle
in an incandescent lamp-based RTA system that
surrounded the two-wafer assembly with an inci-
dent photon flux. Thus, the temperature vs time
heating cycle in the illuminated and furnace-like
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Fig. 1. Planck black body photon energy distributions for a wafer at
1,050°C and lamps at 2,773°C (2,500 K); lamp spectrum multiplied
by 0.038.

environments were the same. This paper expands
upon such an earlier preliminary report.

Figure 1 illustrates black body Planck energy
distributions corresponding to a wafer at a temper-
ature of 1,050°C and lamps at 2,773°C. The distri-
bution for the lamps has been scaled by 3.8%, so
that the incident lamp energy equals the re-radi-
ated wafer energy and thus corresponds to the
steady state energy balance in a rapid thermal
process.

EXPERIMENTAL PROCEDURE

A black body cavity, similar to that in a furnace,
was created on one side of a 200 mm diameter test
wafer in a lamp-based RTA chamber with dual side
heating by placing a heavily doped boron wafer
(a blank device grade epitaxial wafer with substrate
resistivity <20 mQ cm), denoted as a shield wafer,
in close proximity and heating the two wafers
together. The shield wafer is optically opaque in the
visible and infrared spectrum throughout the RTA
temperature cycle. Sub-band gap radiation is abs-
orbed by extrinsic holes and thermally excited free
carriers. Thus, the surface of the test wafer adjacent
to the shield wafer was not directly exposed to the
heating radiation.

In experiment I, the shield wafer was used as a
holder, or susceptor wafer, and the test wafer was
placed on top of it, with three L-shaped quartz
spacer pins in-between the shield wafer and the test
wafer. This created a black body-like cavity within a
2 mm gap at the lower surface of the test wafer. The
two-wafer assembly was heated in a lamp-based
RTA chamber as illustrated in Fig. 2. The RTA
system is an AG Associates model 8108, equipped
with a power line regulator and an emissivity-com-
pensating ripple pyrometer that are used to control
the temperature of the bottom wafer.?? The chamber
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Fig. 2. Schematic cross-section of the oven in the AG Heatpulse
rapid thermal annealing system with two-wafer assembly for exper-
iment I. A 2 mm gap between wafers is exaggerated for clarity. Not
shown: quartz tray detail.

contains an annular guard ring comprised of SiC
coated with polycrystalline Si for the improvement
of temperature uniformity. Wafers are heated by
upper and lower arrays of tungsten incandescent
lamps, with power distribution adjusted for optimal
uniformity of wafer temperature in the test wafer
(within %5°C). Temperature was also passively
monitored by a thermocouple probe in contact with
the lower wafer at the rear of the RTA oven. The
centroid of the ripple pyrometer view area is located
25 mm from the wafer center at a 126° polar angle
relative to the rear of the oven. Experiment I tested
single side implant anneal, in which a pseudo-black
body environment is created below the test wafer.

Experiment II consisted of anneal of implanted
wafers, in which the shield wafer was placed on top
of the test wafer, separated by quartz pins, so that
the pseudo-black body environment was created on
the upper surface of the test wafer. The ripple
pyrometer controlled the temperature of the test
wafers directly. The test assembly for experiment II
is illustrated in Fig. 3.

The test wafers were annealed for 10 s RTA at
temperatures of 1,025, 1,050 and 1,075°C in N, with
0.1% Oy (for suppressing dopant outgas). Ramp-up
rate was programmed at 40°C/s. Ramp-down rate
was programmed at 100°C/s. Wafers were oriented
with the alignment notch at the rear of the oven,
located opposite the entry door. A dummy wafer was

SHIELD WAFER
/ QUARTZ L-PIN (3 PLACES)
TEST WAFER j
QUARTZ L-PIN (PLAN VIEW)

Fig. 3. Two-wafer assembly for experiment Il. Implanted test wafer

is on the bottom. Epi-cover wafer is on top, spaced off by three
quartz L-pins, shown in the profile.

Table I. Annealing Test Sequence for Six Test
Wafers of a Given Type

Step Wafer Orientation  Temperature (°C)
1 Dummy Up 1,025
2 Test Up 1,025
3 Test Down 1,025
4 Test Up 1,050
5 Test Down 1,050
6 Test Up 1,075
7 Test Down 1,075

Orientation “up” denotes that wafer’s front side (the scribed side)
was loaded facing up; “down” denotes that the front side is facing
down.

mounted in the assembly and annealed before per-
forming the experiments on test wafers. The dum-
my and a group of six identically prepared test
wafers were annealed without interruption in a
semi-automated operation with robotic loading and
unloading of the two-wafer assembly. Robot motion
was programmed to be slower than normal, so that
the top wafer did not slip during the loading and
unloading processes. The sequence of the annealing
steps is listed in Table I. Each annealing step is
preceded by the preheating of the RTA oven, with
the lamps operated at 40% of maximum intensity.
Lamp power, which is under closed loop ripple
pyrometer control during the annealing of the wa-
fers, is in the range of 45-50% during the 10 s an-
neal period. The time for mounting the two-wafer
assembly, preheating the oven, transporting the
wafer, annealing the wafer, cooling, and disassem-
bling comprised an 8 min cycle that was held con-
stant for each RTA test. Such a protocol reproduced
background sources of residual heat from one RTA
test to the next. In order to minimize temperature
uncertainties that may arise from surface finish on
the wafers, the experiments employed double-side
polished p- and n-type 200 mm diameter Si wafers.

After the anneals, sheet resistance, Rs, was
mapped at 127 points by a CDE ResMap scanning
four-point probe system. The mapping pattern
allocates a constant area per point. Edge exclusion
was 6 mm. Probe type was equivalent to Prometrix
D: 0.5 mm tip radius, 1 mm tip spacing, 100 g
loading. The ResMap system checks for ohmic probe
contact with the wafer, and the software produces
contour plots showing Rs mean and standard devi-
ation and wafer identification.

EXPERIMENTAL

The wafers and implants for experiment I are
listed in Table II. The reverse sides were implanted
first, followed by a clean, and then a second, implant
on the front sides. The front sides were inscribed
with wafer identification numbers. The intention of
our having the wafer cleaned was to reduce particle
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Table II. Implanted Wafers for Rapid Thermal
Annealing Experiment I

Wafer Implant Energy Dose
Type Species (keV) (ecm™)
p P 1 15
P As 2 101
n 1B 0.5 0'°
n BF, 2.2 10

accumulation. However, the cleaning also removed
some of the implant dose as well, so those wafers
were treated as front side test implants.

In experiment I the top surface of the test wafer
was exposed to the lamp radiation, while the bottom
surface of the test wafer was shielded by the holder
wafer. The radiation environment at the bottom
surface of the test wafer was similar to that of black
body cavity, because numerous multiple reflections
between the shield and test wafer yielded effective
surface emissivities of unity. The temperature of the
holder wafer was controlled by the ripple pyrometer.
Two test wafers, each with an implant type given in
Table II, were annealed at each temperature, one
with the implanted test surface exposed to the lamp
radiation (denoted “exposed”) and the other with the
implanted test surface shielded from the lamp
radiation (denoted “shielded”). The temperature of
the test wafer was estimated from separate experi-
ments to be within £5°C of that of the holder wafer.
The temperature difference between the holder and
test wafers was estimated to vary by fewer than
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2°C, owing to emissivity changes of 0.02, caused by
the implants, and from reproducibility of the lamp
power in closed-loop control, which varied randomly
within a +0.5% range. The temperature difference
across the thickness of the test wafer was less than
1°C.

Results of Experiment I

By design, the dopant and wafer were of opposite
types, so that p-n junctions were formed in the an-
nealed wafers, isolating the electrical activation of
the surface from the substrate. The sheet resis-
tance, Rs, of the wafers was measured at 127 points
with 6 mm edge exclusion by the scanning four-
point probe. The mean of seven Rs measurements
inside a central circle of 16.7 mm radius is shown as
a function of annealing temperature in Fig. 4. Data
are presented for the four implant types and are
distinguished as to whether the test implant sur-
faces were exposed to, or shielded from, the lamps.
These results show that exposure to lamp radiation
leads to larger Rs for the n-type dopants and smaller
Rs for the p-type dopants, when compared to Rs
corresponding to shielding from lamp radiation.
Figure 5 shows sheet resistance contour maps in the
case of the P and BF; implant anneals at 1,025°C for
10 s. The means and standard deviations of the
sheet resistance maps are shown in Table III.

The variation of Rs with annealing temperature
was used to associate a change in the effective pro-
cess temperature with a change in Rs. Using this
approach, the results in Fig. 4 can be interpreted as
follows: the presence of lamp illumination is equiv-

(a)17o
160 F P 1 keV1E15
150 f
T
B 140 F
<}
P 130 f
120 J -8~ Shielded
110 = Exposed
1020 1030 1040 1050 1060 1070 1080
Anneal Temperature (°C)
C
( )330
810 B 0.5 keV 1E15
290
— 270
3
@ 250
& 20
210 E | % Shielded
190 —&—Exposed
o b

1040 1060
Anneal Temperature (°C)

(b)zgo
270 F As 2 keV 1E16
250 F
g’ 230 F
S oof
&
190 f | =i Shielded
170 | —e—Exposed
150 A . . A A
1020 1030 1040 1050 1060 1070 1080
Anneal Temperature (°C)
(d) oo
550 f BF, 2.2 keV 1E16
500 f
450 f
T E
D 400 F
=) E
& 30
S0E [ _mshielded
20F | ——Exposed

1060
Anneal Temperature (°C)
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Table III. Mean and One Standard Deviation for Sheet Resistance Rs Obtained from 127-Point Probe Maps
with 6 mm Edge Exclusion for Wafers of Experiment I Annealed at 1,025°C for 10 s

Implant Species Exposed or Shielded

P Exposed
Shielded
As Exposed
Shielded
B Exposed
Shielded
BF, Exposed
Shielded

Mean Rs (Q/sq) 1-6 Rs (Q/sq)
158.9 3.3
135.5 3.0
270.5 3.3
257.9 3.9
296.3 6.7
310.0 6.1
3924 6.6
570.4 68.5

Exposed or shielded refers to implanted and probed surfaces.

alent to reducing the anneal temperature by 10°C
for the P implants and 5-7°C for the As implants.
This is equivalent to increasing the anneal tem-
perature by up to about 5°C for the !B implants and
50°C or more for the BF, implants.

The “exposed” and “shielded” Rs contour maps for
various implants turn out not to be mirror sym-
metric (e.g., Fig. 5), as might be expected if all the
Rs variation were produced as an imprint of the
heating pattern that is characteristic of the RTA

system. Since Rs depends on both temperature and
lamp illumination, the Rs contour maps are not
absolute measures of wafer temperature uniformity,
in contrast to a conventional interpretation of how
implant monitors may assess process uniformity. In
this RTA system, temperature uniformity is deter-
mined by fixed fractions of power distributed among
the lamps. As is typical for lamp-based systems, the
illumination pattern is deliberately non-uniform,
because the lamp power distribution is tuned for

Fig. 5. Experiment | sheet resistance contour maps from 127-point measurements with 6 mm edge exclusion, for wafers implanted with P and
BF, and annealed at 1,025°C for 10 s. “Ex” denotes test surface exposed to lamp illumination, “Sh” denotes test surface shielded from lamp
illumination. Heavy contours correspond to mean Rs; contour separation is 1/3 standard deviation. Means and standard deviations are given in

Table IIl.
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optimum process uniformity. The lamp power pro-
file compensates for the finite sizes of the wafer and
the chamber. Results such as in Fig. 5 imply that
the lamp power distribution, which minimizes the
variation in Rs across the wafer, does not neces-
sarily minimize the temperature variation across
the wafer (and vice versa). For example, in lamp-
based RTA systems that use multipoint tempera-
ture sensing to assure temperature uniformity, one
generally needs to apply an offset distribution
within the feedback control system that is tailored
to fine-tune uniformity in a wafer for a particular
process.

The change in the appearance of the contour
maps when the test surface was exposed or shielded
is largely due to different radial dependences of Rs
for the two orientations. This is illustrated in Fig. 6,
in which ratios of Rs from “exposed” and “shielded”
127-point maps are plotted versus the radial coor-
dinate (the angular coordinate is mirrored in the
calculations, since “exposed” orientation is flipped
with respect to “shielded”). For the P and As
implants, which were n-type dopants in p-type wa-
fers, the ratio is greater than unity near the center
of the wafer and decreases with radius, approaching
unity near the edge of the wafer. For the !B and
BF5 implants, which were p-type dopants in n-type
wafers, the trends are opposite: the ratio is less than
unity near the center of the wafer and increases
towards unity near the edge of the wafer. The radial
dependence can be attributed to lamp radiation
entering along the perimeter of the gap between the
test and holder wafers. The RTA system uses an
edge guard ring, which is in the plane of the holder
wafer. Consequently, the periphery of the test wafer
surface is exposed to lamp radiation, even in the
“shielded” orientation. Thus, the shield wafer can

contribute to non-uniformity in the process results
because the edge of the wafer remains partially
exposed.

The photo-effect of the radiation guided between
the wafers appears to have a range of about 50 mm
and becomes completely attenuated inside the
16.7 mm radius from the wafer center. Data from
the area near the wafer center are, therefore, most
representative of the presence or absence of the
lamp illumination effect and, thus, were used for
the analysis in Fig. 4. The attenuation length of the
photo-effect, which is about eight-times the gap
between the test and shield wafers, is consistent
with the attenuation of the photon flux by wafer
absorption (absorptivity ~0.65).

Figure 7 summarizes the results for the four im-
plants. It shows the temperature dependence of the
ratio of the mean Rs within a 16.7 mm radius for the
“exposed” and “shielded” wafers. The lamp illumi-
nation effect (indicated as deviation from unity) is
most pronounced for the BFs implant.

Summary of Experiment 1

Silicon wafers were implanted with P, As, !'B,
and BFy at high doses and low energies. The
implanted surface was either exposed to, or shielded
from, incandescent lamp radiation in rapid thermal
annealing. n-Type dopants showed lower activation
when the implanted surface was exposed to the
lamps, as though the effective temperature had
been reduced by 5-10°C. p-Type dopants showed
higher activation when the implanted surface was
exposed to the lamps, as though the effective tem-
perature had been increased by 5-50°C. Differences
larger than 5°C are experimentally meaningful, as
they are greater than the uncertainty in the repro-
ducibility of temperature control.
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The RTA of shielded wafers resulted in edge effect
patterns in the sheet resistance. The magnitude of
this wafer-scale pattern effect was most pronounced
for P and BFy, implant anneals and was correlated
with exposure to lamp illumination. The use of
proximity shields to reduce temperature variation
patterns in RTA processes has been studied previ-
ously.?>?* However, this earlier work was concerned
only with the issue of emissivity patterns on the
wafer.?! Process variability with photonic illumina-
tion were not explicitly considered when the behav-
ior of a hot shield was evaluated in earlier work.

EXPERIMENT II

Based on the findings in experiment I, a second
set of wafers was prepared for the further testing of
the influence of incandescent lamp radiation on the
electrical activation of shallow ion implants of ''B,
BF5, and P species, in which the evidence is clearer
that exposure to lamp radiation increases the elec-
trical activation of B and reduces the activation of P.
Double side polished 200 mm diameter wafers were
implanted in both sides with P (1.0 keV, 10*® cm™)
in p-type wafers and BF, (2.2 keV, 10 cm™) in
n-type wafers. The cleaning step after implantation
in the first experiment was not used, in order to
preserve the implant dose. Additional n-type dou-
ble-polished wafers were implanted in the front side
only, with 1B (0.5 keV, 5 x 10 cm™2). Wafer sides
inscribed with identification numbers were denoted
as the “front” side and the opposite sides as the
“back” side. The implanted test wafers were covered
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in the RTA oven with a shield wafer to block lamp
radiation from directly reaching the top surface,
using the assembly shown in Fig. 3. Wafers with the
1B implants and clean bare monitors were used to
determine the optimum fixed lamp power distribu-
tion for best process uniformity, by mapping sheet
resistance or oxide thickness. Test wafers were ori-
ented either front side up or front side down and
received 10 s RTA at 1,025, 1,050, or 1,075°C, dur-
ing which the wafer temperature was controlled
directly by the ripple pyrometer system.

Temperature Dependence

The mean Rs in the center of the wafer was
obtained by averaging sheet resistances at seven
probe points within a 16.7 mm radius. The results
are plotted as functions of anneal temperature in
Fig. 8. Measured sides of the wafers are designated
in the figure legends by “F” for front side and “B” for
back side in the double-side P and BF, implants.
The two orientations of the wafers in the RTA are
distinguished according to whether the measured
side was shielded from, or exposed to, direct inci-
dence of lamp radiation. The results of Fig. 8 are
qualitatively similar to those obtained for experi-
ment I in Fig. 4. Exposure to lamp illumination
reduces phosphorus activation and increases boron
activation.

Photothermal Effective Temperatures

Sheet resistance data for experiment II were
analyzed in terms of the change in effective anneal
temperature that may be attributed to exposure to
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Fig. 9. Change in effective process temperature of P, BF, and "B implants associated with lamp illumination; results of experiment I1.

lamp illumination. They quantify observations of
differences between an effective photothermal tem-
perature and the thermodynamic temperature
within the pseudo-black body environment. A
change in the effective anneal temperature, ATgpr,
is defined as the difference in Rs of wafers with the
implanted surfaces exposed and those with the im-
planted surfaces shielded, divided by the coefficient
of temperature sensitivity, ARs/AT, obtained from
the local slope of the experimental data for Rs ver-
sus anneal temperature.

The results for ATgpr for the three implant spe-
cies at the three RTA temperatures are shown in
Fig. 9. The data points correspond to the mean
ATgrr for the two wafer orientations. The error bars
span the difference between the two orientations.
(The data for the B implant are without error bars,
owing to the single-side implant method used for
that case.)

Table IV presents the results for ATgrr averaged
for the three RTA temperatures. One finds that
ATgrr is decreased for the n-type phosphorus dop-
ant and is increased for the p-type boron dopant.

Radial Rs Scans

The variation in sheet resistance along the radial
direction at a polar angle of 120° relative to the
wafer alignment notch is shown for the P implant in
Fig. 10 and for the BFy implant in Fig. 11. The data
correspond to RTA at 1,050°C. Sheet resistance is
scanned from the wafer center out to the wafer’s
edge, crossing the approximate location of the ripple
pyrometer view area at 25 mm from the wafer cen-

Table IV. Difference Between Effective Rapid
Thermal Annealing Temperatures Under Exposure
to Lamp Illumination, Relative to Being Shielded,

for the Three Implants in Silicon Studied in
Experiment I1

Implant ATgrr (°C)  =ATgpr (°C)
P 1.0 keV 10%® ¢cm™2 -15.5 14
BF, 2.2 keV 10%® em™2 23.1 6.4
1B 0.5 keV 5 x 10** cm™2 9.2 1.8

ter. In experiment II, the guard ring is in the plane
of the wafer, and, being also thicker than the wafer,
it shades the lamp illumination at the edge of the
shielded surface of the test wafer more effectively
than in the configuration of experiment I, in which
the edge of the test wafer lies above the plane of the
guard ring.

Sheet resistivity scans for both sides of the same
wafer are shown in Figs. 10 and 11. Data are plotted
for the two wafer orientations (a) front side up and
(b) front side down. “F” denotes measurement of the
front side of the wafer; “B” is the back side. “Shiel-
ded” denotes that the measured implanted side is
oriented up and shielded from the lamps by the
cover wafer. “Exposed” denotes that the measured
implanted side is oriented down and exposed to the
lamps. The edge illumination effects displayed by
the data of Fig. 11 for the BF, and ''B implants (not
shown) are similar to the observation in Fig. 6, in
that Rs at the wafer edge for the shielded and
exposed surfaces are nearly the same. An edge effect
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Fig. 11. Radial scan of sheet resistance for BF,-implanted wafers oriented (a) front side up, (b) front side down, in experiment II.

is hardly discernable in the case of the P implant.
This may indicate that electrical activation for the
phosphorus implant is less sensitive to illumination
than that for the boron implants.

The sheet resistance data indicate systematic
differences between the wafers annealed with the
front side up and those with the front side down.
These differences may have been due to (a) surface
preparation of the two sides of the wafers by the
wafer vendor or (b) the implants. While wafer-to-
wafer differences contributed to the experimental
error in the results for ATgpr, the differences asso-
ciated with exposure to and shielding from the lamp
illumination were, nevertheless, clearly distin-
guished in experiment II. The quantitative analysis
of these experimental results is discussed below.

Wafer Oxidation

Oxide films grown during the RTA process were
mapped with a Thermawave scanning ellipsometer
and were interpreted as comprising SiOy due to
thermal oxide on silicon. The film thickness results
were consistent with penetration of the four-point
resistance probe through the oxide. Mean and
standard deviation of the oxide film thickness at
12 probe points near the center of the wafers are
shown in Fig. 12 for the P-, BF,- and, 'B-implanted
wafers. The back sides of the 'B-implanted wafers
were not implanted with any dopants. The thicker
oxide film found for the implanted side of the 'B
wafers could indicate a residue of the implant or a

systematic measurement error, since the effect of
boron doping was not taken into account in the
ellipsometry model. For P- and BFs-implanted
wafers, oxides on the exposed sides were systemat-
ically thinner than on the shielded side. The aver-
age differences in oxide thickness (shielded side
versus exposed side) for the P, BF; and 1B implants
were 3+ 1A, 6.7x1A, and 1+ 2 A, respectively.
The question of whether the growth of the oxide
film depends on the wafer type was examined in a
separate experiment in which 12 n-type and 12
p-type wafers were subjected to rapid thermal oxi-
dation (RTO). The wafers were prime, single-side,
polished wafers that had been given a pre-gate clean
[a metal-oxide-semiconductor (MOS) device process]
with HF in the last step. The cleaning process leaves
the surfaces of the wafer stripped of the oxide (as
determined by ellipsometry) and in a hydrophobic
state. The cassette of 24 wafers was immediately
loaded for RTO without delay. The RTO was a
1,000°C reduced O, pressure process in an Applied
Materials’ Centura with multipoint zone tempera-
ture control and wafer rotation. After oxidation, the
p-type wafers in slots 6 and 12, and the n-type wa-
fers in slots 18 and 24, were removed for oxide
thickness mapping. The experiment was then
repeated. (In the second run, there was a 2 h delay
between RTO and measurement.) The results of
these two experiments, denoted as run A and run B,
are shown in Fig. 13. Oxide films grown on n-type
wafers were systematically larger than those grown
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on p-type, by two standard deviations, as deter-
mined by within-wafer variations of the oxide film
thickness. Uniformity for the n-type wafers is
worse, probably because wafer uniformity of the
RTO process had been tuned for p-type wafers.

Summary of Experiment II

Exposure to lamp illumination increased Rs by
7% to 9% for P implants. The changes in Rs were
equivalent to the anneal temperature’s being
decreased by 15.1 + 1.4°C. Exposure to lamp illu-
mination reduced Rs by 3% to 6%, for 1'B implants,

and 9% to 28% for BFy implants. The changes in Rs
are equivalent to the anneal temperature’s being
increased by 9.2 + 1.8°C and 23.1 + 6.4°C, respec-
tively. Sheet resistances on the sides of the wafers
that were exposed to the lamps were reproducible to
about 2% for both BFy and P implants. Sheet
resistances on the sides of the wafers that were
shielded from the lamps were less reproducible,
showing variability of 4% to 15% for BF, implants
and 2% to 4% for P implants. The 'B and BF,
implants showed pronounced radial dependence in
the difference in Rs between the shielded and
exposed sides. The magnitude of this difference in
Rs depended on proximity of the measurement sites
to the wafer edge, where it is a minimum. Radial
dependence was caused by the gap between the test
and shielding wafers that permitted some lamp
radiation to interact with the wafer at the wafer
edge. The P implants showed less radial variation in
the difference in Rs between the shielded and
exposed sides. The greater variability in the Rs for
the shielded sides for the BF5 implants appeared to
be correlated with the increased sensitivity to lamp
exposure, as evidenced by the more pronounced
radial variation.

Ellipsometric thickness of oxide films grown on
implanted wafers appeared to be decreased under
lamp exposure, irrespective of either dopant or wa-
fer type, when exposed and shielded configurations
were compared. In the case of P-implanted wafers,
illumination appeared to reduce oxide thickness by
11 £ 3%. For the BFs-implanted wafers, the oxide
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thickness effect was larger, averaging 25 + 3%. The
apparent independence of the sign of the oxide
thickness effect stands in contrast to that of the
sheet resistance, in which the sign depended on
dopant/wafer type. Small differences in oxide
thickness between n-type and p-type wafers are
possible, based on RTO studies of unimplanted
clean wafers.

DISCUSSION OF RESULTS

Implant energies in this study were sufficiently
low to permit formation of the activated impurity
layer within the region of penetration of lamp illu-
mination. Based on the studies of optical absorption
in Si at elevated temperatures,?® the optical pene-
tration depth is of the order of 100 nm. The depths
of the electrically activated layers after rapid ther-
mal annealing were estimated from sheet resistance
and dopant concentration profiles that had been
determined in 6previous work by secondary ion mass
spectroscopy.?®2° The depth to which the dopants
diffuse after RTA is defined by a junction depth
parameter, X, which is defined as the depth at
which the dopant volume concentration falls to
10'® em™. For a given implant species, energy and
dose, the product Rs x X tends to be insensitive to
variations in the annealing conditions and can thus
be used to find X; for the present Rs data by inter-
polation (+20% estimated uncertainty). Estimates of
Xy for experiment I, based on 2prior studies for the
annealing of P,%6 As,?” BF,,2%%® and B’ implants,
are shown in Table V. Junction depth analysis thus
affirms that the activated layers are generally
shallower than the depth of penetration of the
heating radiation.

Differences in apparent photothermal activation
among the various dopant species in this work
might be connected with the nature of their elec-
trical activation behavior. Diffusion and electrical
activation of the implanted dopant species in silicon
by rapid thermal annealing exhibit significant non-
equilibrium and transient behavior, caused by the
formation and evolution of defects associated with
implant damage and high dopant concentrations.
Transient enhanced diffusion is observed for boron
and phosphorus implants, owing, in part, to the
presence of silicon interstitials.®’ The transient
diffusion of arsenic implants involves vacancies and
is generally less of an effect. Thus, the larger

Table V. Junction Depths of Implants at 10'® cm™2
Dose After 10 s Rapid Thermal Annealing at 1,050°C
Under Exposure to Lamp Illumination

Implant Xy (nm)
P 1keV 53
As 2 keV 41
BF; 2.2 keV 53
B 0.5 keV 89

photothermal effects observed for boron and phos-
phorus may be associated with their more pro-
nounced transient enhanced diffusion that is
associated with silicon interstitials.

In order to interpret the results of sheet resis-
tance, it is instructive to consider earlier findings of
the electrical activation process, within which tran-
sient diffusion is a constituent physical mechanism.
Of particular interest is the observation of a phe-
nomenological thermal activation energy, E4, that is
associated with the electrical activation of the dop-
ant impurities. Using Hall effect measurements to
monitor relationships between annealing tempera-
ture and annealing duration, previous work has
found that E 5 for the n-type impurities is smaller by
about 1 eV than that of the p-type, EA being 4.1, 4.9,
and 4.7 eV for P, BF, and B, respectively.®* Detailed
study in the case of boron found that the E, for
electrical activation exceeds the corresponding E
for thermal diffusion by about 1 eV.?® Our observa-
tion of a decrease in electrical activation of phos-
phorus upon photon exposure supports the idea that
the associated E4 increases. Converting the appar-
ent temperature shifts in Table IV to changes in
activation energy according to the relationship AE /
E A = —ATgrr/T, one obtains a photothermal increase
in E5 by 1.2% for the annealing of the P implant.
Increased electrical activation of boron under illu-
mination is equivalent to decreases in E4 by 1.7% for
the BF; implant and 0.7% for the B implant. Acti-
vation energies, therefore, are changed by 0.03-
0.08 eV under photo-illumination. Moreover, photo-
exposure causes the 1 eV difference in E5 between
these n-type and p-type species to shrink by several
percent. These results suggest the presence of a so-
lid-state photochemistry component in the lamp-
based RTA process.

While the values of E, for boron, as determined
under illumination, are about the same for both B
and BF, implants, the BF5 species shows a stronger
photo-effect. Even though the heavier F species
creates more implant damage than does B alone,
there is less boron diffusion for BFy implants, as
indicated by generally smaller X, because fluorine
reacts with silicon interstitials and partly sup-
presses the transient enhanced diffusion.®* The
result suggests that AE, for BF, implants is larger
than for B implants because of additional reaction
pathways involving F impurities.

At an annealing temperature of 1,050°C, the
intrinsic carrier concentration in silicon increases to
about n;~2x10® em™3.3% From Ref 35, the
temperature coefficient of n; is calculated to be
o =dInnydT = 0.0071 K 1. Since n; is smaller than
the peak dopant concentrations, which exceed
10%° em™3, an extrinsic surface layer is formed in the
silicon wafer at the annealing temperature. Making
the assumption that lamp illumination changes n;
by fraction Any/ni= ol ATgrr! through electron—
hole pair generation, while actual wafer tempera-
ture remains unchanged, the results in Table IV
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indicate a Any/ny0of 0.11, 0.17 and 0.66 for the P, BFy
and B implants, respectively. Effective changes in
Fermi energy calculated for the extrinsic approxi-
mation, AEr = kgT Any/ni, are —0.012, 0.018, and
0.007 eV for the P, BF; and B implants, respec-
tively. This interpretation of the results suggests
that the energy scale of the perturbations produced
by lamp illumination is about 0.01 eV, which is
about 1% of the silicon energy gap at 1,050°C, E,
1.04 eV.?> Note from Fig. 1 that the lamps supplied
significant energy in the region £ > E,, when com-
pared to the thermal equilibrium background at
wafer temperature.

Oxide growth is found to be affected by lamp
illumination, which yields thinner oxides, particu-
larly in the case of the BF,; implant. Oxidation
injects silicon interstitials, which ordinarily accel-
erates dopant diffusion.?® However, the presence of
interstitials generated within the silicon, such as
from lamp illumination, could reduce oxidation by
mass action.

CONCLUSIONS

Electrical activation of shallow high-dose im-
plants by rapid thermal annealing was found to
depend on exposure to lamp illumination. Changes
in sheet resistance were interpreted in terms of
changes in either effective wafer temperature or a
phenomenological activation energy. Formation of
donors with n-type implants of P or As is reduced,
while formation of acceptors with p-type implants of
B or BFs is increased. Lamp illumination increases
the thermal activation energy for the formation of
electron carriers and decreases it for holes. Lamp
illumination has the equivalent effect of modulating
Fermi levels on the order of 0.01 eV. Changes in the
growth of surface oxide films were also observed.
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