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The effect of preamorphization and solid-phase epitaxial regrowth on indium doping profiles in
silicon has been investigated. It is shown that preamorphized silicon significantly reduces
channeling during indium ion implantation, producing a much more abrupt doping profile. During
recrystallization by thermal annealing, indium segregates in front of the moving amorphous/
crystalline interface, creating a clearly visible peak in the doping profile. We establish that the
physical mechanism for this phenomenon in the 1018– 1019 cm23 concentration range is segregation
determined, as there is no significant concentration dependence for those doses studied in this work.
We also demonstrate that this phenomenon is enhanced at lower temperatures. ©2004 American
Vacuum Society.@DOI: 10.1116/1.1695333#

I. INTRODUCTION

Indium is ideal for formingp-type retrograde dopant pro-
files in silicon because it has a heavy mass and it segregates
relatively quickly into silicon dioxide during thermal
annealing.1,2 While boron will continue to be used for very
highly dopedp-type regions in silicon devices, indium can
be advantageous for channel3,4 and pocket5 doping profiles in
metal-oxide-semiconductor field-effect transistors, despite
having relatively low levels of solid solubility and electrical
activation.6 Previous studies on indium have shown that~1!
it produces a significant channeling tail during ion
implantation,7 ~2! it diffuses by interaction with neutral in-
terstitial point defects,8 ~3! it suffers from transient enhanced
diffusion9 but with a much lower diffusivity compared to
boron, and~4! it getters to end-of-range~EOR! damage.10,11

In recent years, interest has increased significantly in
preamorphization and low-temperature recrystallization tech-
niques for optimization of ultrashallow junctions in silicon
devices. It has been demonstrated for boron that more abrupt
junction profiles along with above-equilibrium levels of solu-
bility are achievable in this way. However, preamorphization
followed by recrystallization can also lead to complex physi-
cal phenomena that require careful consideration, such as
uphill diffusion12,13 and dopant deactivation.14 The study of
this processing methodology for indium doping profiles at
concentration levels that are suitable for use in modern sili-
con devices is the aim of our work.

II. EXPERIMENTS

Experiments were performed using 200 mm, Czochralski-
grown, ^100&-oriented,n-type silicon wafers. Some wafers
were implanted with germanium of dose 131015 cm22 at an
energy of 80 keV to preamorphize the silicon surface. Fol-
lowing preamorphization, indium was implanted at an energy
of 90 keV and with a dose of either 431013 or 1.5
31013 cm22. The indium implants were performed in four-
quad mode at a tilt of 15°, with a native oxide covering the
silicon substrate. Wafers were annealed in an inert N2 ambi-
ent at 550, 600, and 800 °C. Dopant profiles were analyzed
by secondary ion mass spectrometry~SIMS! using 3 keV O2

1

primary ions under oblique incidence. Rutherford back-
scattering channeling and cross-section transmission electron
microscopy measurements were used to determine the silicon
amorphization depths. These measurements indicated that
the germanium implant produced a continuous amorphous
layer to a depth of 105 nm.

III. RESULTS

Figure 1 shows indium SIMS profiles after a 1.5
31013 cm22 dose implant into crystalline silicon and into
preamorphized silicon. The retrograde nature of the indium
profiles implanted at 90 keV is clearly evident, as the dopant
peak is approximately 50 nm deep and there is a low-doped
region closer to the surface. Note that the peak in the indium
profile at the surface is a SIMS artifact and is not considered
in the analysis of this experiment. The main observation
about Fig. 1 is that the indium profile is much more abrupta!Electronic mail: ray.duffy@philips.com
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with preamorphization, because the channeling observed in
the crystalline silicon case has been eliminated. The indium
concentration (Cindium) of 131016 cm23 is located at a depth
of 110 nm with preamorphization, and at 265 nm without
preamorphization.

Figure 2 shows indium SIMS profiles of a 4
31013 cm22 dose implant, before and after annealing at
600 °C. At the start of the anneal, the amorphous depth
was 105 nm, after 60 s it was 39 nm, and after 120 s the
silicon was completely recrystallized. There is a clear peak

in the 60 s SIMS profile at a depth of 36 nm, with a maxi-
mum concentration of 1.531019 cm23. As the location of
the amorphous/crystalline~a/c! interface is deeper than this
indium peak, we conclude that indium has been pushed in
front of the moving interface during regrowth due to segre-
gation into the amorphous silicon region. In the 120 s profile,
it can be seen that the segregated indium has been relocated
into the lower concentration part of the profile, near the sur-
face. The dose contained both in the segregation peak and in
the relocated near-surface indium is approximately 4
31012 cm22, which is 10% of the total profile dose. Finally,
in Fig. 2 indium is seen to getter to the EOR damage during
the anneals, at a depth of 110–115 nm.

Figure 3 shows SIMS profiles for both the 431013 and
the 1.531013 cm22 dose implants, after implantation and af-
ter partial recrystallization at 550 °C. Once again, a segrega-
tion peak is clearly evident in each profile, this time at a
depth of 22 nm. While a larger quantity of indium is pushed
by the moving a/c interface for the high dose case, it is very
interesting to note that the percentage dose is approximately
the same for both profiles. The segregation peak contains
approximately 10%–11% of the total profile dose in both the
431013 and the 1.531013 cm22 cases. This concentration
independence indicates that the physical mechanism respon-
sible for this phenomenon is segregation. Furthermore, it ap-
pears to be dependent on the ratio ofCindium on the amor-
phous side versusCindium on the crystalline side. During the
early part of the anneal, whenCindium on the amorphous side
is higher, indium is pushed by the moving a/c interface. To-
wards the end of recrystallization, whenCindium on the crys-
talline side is higher, the segregating indium is incorporated
back into the silicon lattice, producing an increase in concen-
tration near the surface.

FIG. 1. SIMS profiles of indium, as implanted with a dose of 1.5
31013 cm22 and an energy of 90 keV, with and without a germanium im-
plant that preamorphized the top 105 nm of the silicon.

FIG. 2. SIMS profiles of indium, as implanted into a 105 nm-deep preamor-
phized layer with a dose of 431013 cm22 and an energy of 90 keV, and
after recrystallization anneals at 600 °C for 60 s and 600 °C for 120 s.

FIG. 3. SIMS profiles of indium, as implanted into a 105 nm-deep preamor-
phized layer with doses of 431013 cm22 ~high dose! and 1.531013 cm22

~low dose!, energy 90 keV, and after a recrystallization anneal at 550 °C for
10 min.
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Indium is known to surface segregate on the growing in-
terface during molecular-beam epitaxial growth of III-V
heterostructures.15,16 Williams et al. have reported that in-
dium is pushed out during regrowth of^100& silicon,17 but
only for doses above 531014 cm22. Indeed, several species
that are atomically larger than silicon, such as antimony, ar-
senic, tin, and lead, are affected by regrowing^100& silicon
in this way.18,19 It was argued that interface strain during
regrowth causes large dopant atoms, such as indium, to seg-
regate into the amorphous region. However, the dose-
dependent interface strain explanation is not consistent with
the data seen in Fig. 3. Furthermore, a solubility-dependent
mechanism cannot explain the annealed doping profiles of
Fig. 3. In recrystallized silicon, the maximum indium meta-
stable solubility has been reported to be 531019 cm23,17

significantly higher than the crystalline solid solubility,
which is approximately 1.831018 cm23.20 In our experi-
ment, the maximum peak concentration of the implanted in-
dium profiles is approximately 931018 cm23, which is well
below the metastable solubility limit, and the influence of the
a/c interface is still observed.

The temperature dependence of this effect was then evalu-
ated, and the SIMS results are shown in Fig. 4. Indium dop-
ant profiles are shown after complete recrystallization at 550,
600, and 800 °C. It can be seen that the lowest concentration
of indium is located near the surface for the 800 °C recrys-
tallization. This indicates that indium segregation in front of
the moving a/c interface is reduced by increasing the anneal
temperature. This segregation phenomenon is experimentally
observed in this work as a local enhancement of indium mo-
bility in front of the moving a/c interface. The temperature-
dependent magnitude of this effect is not only related to the
segregation coefficient at the interface, but also to the ratio of

the local enhanced mobility versus the speed at which the
interface is moving.21 It is likely that the overall observed
temperature dependence of Fig. 4 is a function of the indi-
vidual temperature dependencies of those physical phenom-
ena.

It should be noted that the anneal times for Fig. 4 were
chosen to provide total regrowth, but to avoid diffusion or
segregation into the native oxide significantly affecting the
near-surface indium profiles afterwards. Furthermore, simu-
lations performed using segregation coefficients from Kizily-
alli et al.1 confirmed that indium segregation into the oxide
during these anneals is not significant for those conditions.
The evidence of a/c interface segregation may also be ob-
served for indium without preamorphization,22 as indium
will amorphize silicon during implantation with an amor-
phization threshold in the mid-1013 cm22 dose range.

IV. CONCLUSION
In conclusion, we have demonstrated that preamorphiza-

tion produces significantly more abrupt indium doping pro-
files, due to a reduction in channeling during ion implanta-
tion. However, upon recrystallization, indium moves into
amorphous silicon in front of the moving a/c interface and is
relocated into the near-surface region. We have established
that, in the typical silicon device application concentration
range of approximately 1018– 1019 cm23, the physical
mechanism driving this phenomenon is segregation. The re-
sult of this is a flatter doping characteristic, somewhat reduc-
ing the advantage of using indium to form retrograde pro-
files. The indium segregation phenomenon has also been
shown to be enhanced at lower temperatures.
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