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Solid phase epitaxy of Er-implanted amorphous Si results in segregation and trapping of the Er,
incorporating up to 2 102 Er/cm? in single-crystal Si. Segregation occurs despite an extremely
low Er diffusivity in bulk amorphous Si of <10~'7 cm?/s, and the narrow segregation spike
(measured width ~3 nm) suggests that kinetic trapping is responsible for the nonequilibrium
concentrations of Er. The dependence of trapping on temperature, concentration, and impurities
indicates instead that thermodynamics controls the segregation. We propose that Er, in analogy
to transition metals, diffuses interstitially in amorphous Si, but is strongly bound at trapping
centers. The binding enthalpy of these trapping sites causes the amorphous phase to be
energetically favorable for Er, so that at low concentrations the Er is nearly completely
segregated. Once the concentration of Er in the segregation spike exceeds the amorphous trap
center concentration, though, more Er is trapped in the crystal. We also observe similar
segregation and trapping behavior for another rare-earth element, Pr.

I. INTRODUCTION

There has been much interest in obtaining light emis-
sion from crystal Si (c-Si) through the introduction of
luminescing rare-earth dopants. Work has focused on er-
bium because the luminescence occurs near 1.5 um, a stan-
dard optical communication wavelength.'® Making tech-
nologically useful devices requires incorporation of at least
~10"%/cm® of Er in the ¢-Si host.” Using near-equilibrium
crystal growth processes will limit impurity incorporation
to the maximum solid solubility. Unfortunately, the solu-
bilities of rare earths in ¢-Si have not, as a rule, been mea-
sured, although by analogy to the transition metals they
are likely to be low (=~ 10™-10'%/cm?).!° This implies that
nonequilibrium processing methods must be used to obtain
Er concentrations that are high enough for optoelectronic
devices.

Phase transitions usually result in segregation, the re-
distribution of an impurity at a moving phase boundary. In
general, segregation is characterized by the segregation co-
efficient k, defined as the ratio of impurity concentrations
on either side of the moving interface. Near equilibrium, k&
is determined thermodynamically by the ratio of the im-
purity solubilities in the two phases, called k,. If k is less
than 1 and the impurity can diffuse ahead of the interface,
a segregation spike forms which contains the impurity re-
jected from the growing phase. Equilibrium segregation is
observed in such processes as zone-melt refining.!! Far
from equilibrium, however, kinetic factors can increase the
trapping. Kinetic trapping occurs when impurities are un-
able to diffusively escape incorporation in the growing
phase, increasing the trapping so that k> k,.'*!*> An indi-
cator for kinetic trapping is the segregation spike width,
approximated by D/v, where D is the impurity diffusivity
ahead of the interface and v is the interface velocity. When
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D/v<10 nm, kinetic trapping is readily observed in Si in
extremely nonequilibrium processes like pulsed laser an-
nealing (liquid/solid transition) and ion-beam-induced ep-
itaxial crystallization (amorphous/crystal transition).
Both of these processes have been used to incorporate high
concentrations of metals in ¢-Si.!*%°

Recently, we have demonstrated that segregation and
trapping during solid phase epitaxy (SPE) of Er-doped
amorphous Si (a-Si) can incorporate up to 10*° Er/cm?
in ¢-Si.2! In this paper, we will discuss more detailed mea-
surements of this process, including the diffusivity of Er in
bulk a-Si, the effects of Er segregation on the SPE rate, the
profile of the segregation spike itself, as well as the effects
of temperature, concentration, and impurities on the trap-
ping levels of Er. These experiments were performed in
order to understand what controls the incorporation of Er
in ¢-Si. The measured segregation spike width of ~3 nm
suggests that kinetic trapping is important. However, the
changes in the segregation coefficient with Er concentra-
tion, temperature, and the presence of coimplanted oxygen
indicates instead that & is determined primarily by thermo-
dynamic, not kinetic factors. We also show that another
rare earth, Pr, can be incorporated in ¢-Si in a similar
manner. Praseodymium exhibits luminescent transitions
1.3 pm in other hosts, so this may also allow the fabrica-
tion of Si-based devices at this optical communication
wavelength.

il. EXPERIMENTAL

Erbium was incorporated in ¢-Si by implanting Er ei-
ther directly into ¢-Si (4 and 9 X 10"*/cm? 250 keV Er) or
into a-Si previously made by Si implantation (3 X 10'*/cm?
350 keV Si followed by 8x 10", 8x 10, 1.3, 2.4, or
5.4 10%%/cm* 250 keV Er). The Si(100) substrates used
for these samples were Czochralski-grown and either P
doped (1.1-1.45 Q2 cm) or B doped (5-10 Q2 cm). The Er
implants in c-Si generated amorphous layers =160 nm
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thick, while the Si preamorphized layers were 500 nm
thick. In addition, thicker (780 nm) -Si layers were made
by 5%10%/cm? keV Si implants in float-zone grown
B-doped (0.2 Qcm) Si(100), followed by 0.6 or
1.6 10"*/cm?, 1.5 MeV Er implants. Praseodymium-
doped a-Si layers were made by implanting 3.5 or
7.0X 10*/cm? 250 keV Pr into ¢-Si (Czochralski-grown as

above), resulting in =~ 160-nm-thick @-Si layers. All im--

plants were performed with the samples heat sunk to a
copper block cooled by liquid nitrogen. :
Anneals were performed either in a vacuum furnace
(base pressure 10~ Torr) or a rapid thermal annealer.
Rapid thermal anneals were done under flowing Ar. The
time to reach the anneal temperature was 5 s; all indicated

anneal times are after the anneal temperature was reached. .

The amorphous layer thicknesses and impurity con-
centration profiles were measured with Rutherford back-
scattering spectrometry (RBS) in the channeling geometry

using 2 MeV He. A backscattering angle of 100° was used -

to give a depth resolution of better than 10 nm on thin
layers, using a surface barrier detector cooled to 0 °C (<16
keV energy resolution). The thick a-Si layers were ana-
lyzed using a backscattering angle of 165°. For these sam-
ples, the Er profiles were measured under random condi-
tions to ensure consistent depth scales, necessary because
of the difference in stopping between random and chan-
neled He ions. Medium-energy ion scattering (MEIS) was
performed with 100 keV protons. A two-dimensional po-
sition sensitive detector on a toroidal electrostatic energy
analyzer recorded the energy and scattering angle. The
energy resolution was 90 eV (AE/E= 9X 1074, prov1d-
ing a depth resolution of less than a monolayer at the
sample surface,? although energy straggling degrades the
resolution for deeper depths.

lll. RESULTS
A. Segregation of erbium

Figure 1 shows the Er portion of RBS spectra of
the 410" Er/cm? sample after rapid thermal anneals
(RTAs) for various times at 600 °C.%* The as-implanted Er
profile is approximately Gaussian, peaked at a depth of 70
nm with a FWHM of 60 nm. For annealed samples, the
a-Si/¢-Si interface moves towards the surface via SPE. The
position of the interface is indicated by the arrows for each
time. As the a-Si/c-Si interface moves through the Er pro-
file, the Er is pushed ahead of the interface, building up a
large concentration at the interface (the width of the seg-
regation spike is detector-resolution limited). Eventually,
Er starts to be trapped in the crystal. At the end, the
segregation spike of Er is deposited at the surface. SPE
clearly leads to segregation and trapping of Er.

Figure 2 shows both the Si and Er portions of RBS/
channeling spectra after 15 min, 600 °C anneals of samples
implanted with different Er fluences. Single-crystal re-
growth to the surface is observed only for the two lowest
Er doses (4 and 9X 10'* Er/cm?). For higher Er doses, the
higher channeling yield in the Si surface region [Fig. 2(a)]
indicates a breakdown of SPE to nonperfect crystal
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FIG. 1. RBS spectra of the 4 10'* Br/cm? sample as implanted, and
after 2, 3, or 5 RTA anneals of 5 s each at 600 °C. The arrows indicate the
position of the ¢-Si/a-Si interface as determined from the Si portion of
each spectrum. As the interface moves through the Er profile, Er is seg-
regated at the interface with a portion remaining trapped behind in the
crystal.

growth. This region has been shown to be heavily
twinned.?! The higher the Er dose, the earlier the break-
down of SPE occurs during regrowth. A comparison of the
concentration of Er in the ¢-Si at the time of breakdown
[Fig. 2(b)] indicates that trying to trap more than
1.2 10% Er/cm® results in twinned crystal. Once twin-
ning occurs, the trapping of Er in the ¢-Si increases rapidly.

Figure 3 shows the Si and Er portions of RBS/
channeling spectra following 100 h, 500 °C furnace anneals
of samples with various Er fluences. From the Si portion of
the spectra [Fig. 3(a)] it can be seen that now the
1.3 10'® Er/cm? sample regrows to the surface, in con-
trast to the 600 °C anneal [Fig. 2(a)]. However, 500 °C
anneals of hlgher Er doses (2.4 101° "Er/cm?) again lead
to heavily defécted crystal regrowth. Flgure 3(b) demon-
strates that the maximum trapped Er concentration before
breakdown, 2 10?° Er/cm?, is roughly twice as high as
500°C than at 600°C. Similar experiments for 900°C
RTAs (not shown) yields a maximum trapped concentra-
tion of only 6 10'° Er/cm®. Although the solubility limit
of Er in ¢-Si has not been measured, by analogy to the
transition metals it is likely to .be relatively small
(~10™-10'® Er/cm®).!° This indicates that the trapped
concentrations obtainable during SPE (> 1X 10%° Er/cm?)
are far above equilibrium.

None of the SPE-recrystallized samples exhibit a dif-
ference in the Er RBS yield between random and (100)
channeled spectra, indicating that Er is not substitutional
in the ¢-Si. This lack of a channeling effect also demon-
strates that Er.does not occupy the tetrahedral interstitial
site. Channeling studies on other crystallographic direc-
tions are required before any firm conclusion can be made
about what site Er occupies. However, these results, ob-

Custer, Polman, and van Pinxteren

‘Downloaded 15 Sep 2003 to 131.215.237.184. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



Channel

15 300 320 340 360
{a) 600°C Anneals Si
B A e e da ]
,\/’ as—impl. . a /"". 3
10 r’ 5.4-)(10‘5 i-/ .1" “\’ L

Normalized Yield
W o

-
T

i
Ve ol
TN

FIG. 2. The (a) Siand (b) Er portions of RBS spectra after annealing Er
implanted a-Si for 15 min at 600 °C. The channel scales are plotted such
that Si and Er have the same relative depth scale. A comparison of the Er
concentration when twin formation occurs (arrows) shows that the max-
imum Br concentration in single-crystal Si is 1.2 10?° Er/cm® (dotted
line). Trying to trap concentrations higher than this results in twin for-
mation, leading to the increase in dechanneling in the Si portion of the
spectra. ‘

tained for Er concentirations that we believe are far above
the solid solubility limit, may not be indicative of the lat-
tice site location for low Er concentrations.

Changing the temperature also changes the segregation
characteristics. A comparison of the Er profiles of the
1.3% 10" Er/cm?® sample annealed at 500 °C [Fig. 3(b)]
and the 9X 10 Er/cm? sample annealed at 600 °C [Fig.
2(b)] shows that the 500 °C anneal traps more Er during
the early stages of regrowth (below channel 440), although
the peak trapped concentrations (near channel 450) are
almost the same. The trapping of Er also depends on the
Er conceniration. Figure 4 shows RBS spectra after 15
min, 600 °C anneals of samples with 810" or 8x 10
Er/cm? implanted in a-Si. The profile for the higher dose
sample (810" Er/cm?) exhibits segregation similar to
that shown in Fig. 2. However, in the lower dose sample,
essentially all of the Er has segregated to the surface. The
results in Fig. 4 show that & is very different for samples
implanted with different Er doses, so k is concentration
dependent. This can also be seen in the profiles in Fig. 1. In
the initial stages of regrowth all of the Er segregates for-
ward. It is only after the segregation spike has passed the
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FIG. 3. The (a) Si and (b) Er portions of RBS spectra after annealing Er
implanted a-Si at 500 °C for 100 h. The channel scales are plotted such
that Si and Er have the same relative depth scale. The arrows and dotted
lines in the Er portion show that the maximum concentration of Er
trapped in single-crystal Si is 2X 102 Er/cm® higher than for 600 °C.

peak of the Er implant profile and accumulated a large
concentration of Er in the segregation spike that substan-
tial trapping occurs. For the low dose Er implant in Fig. 4,
the Er concentration in the spike apparently never became
large enough to cause an increase in k. Thus, for low im-
plantation doses of Er, nearly complete segregation is ob-
served. At intermediate doses, the concentration of Er in
the segregation spike becomes large enough so that k in-
creases and trapping of high concentrations of Er in the
crystal occurs. At a particular, temperature-dependent
trapping level of Er in the crystal (which should imply in
turn a specific concentration of Er ahead of the interface in
the segregation spike), the single-crystal regrowth breaks
up through the formation of twins, and the trapping of Er
increases. '

B. Effect of erbium on the SPE velocity

To measure the effect of Er on the SPE rate, we per-
formed anneals on the thicker «-Si layers. These had
Gaussian Er profiles centered on a range of 440 nm with a
FWHM of 270 nm. Anneals were carried out for various
times in a vacuum furnace at either 525 or 550 °C, with
each anneal consisting of pieces of the Er-implanted sam-
ples together with pure @-Si. The remaining a-Si thick-
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FIG. 4. RBS spectra after annealing for 15 min at 600 °C of ¢-Si layers
implanted with 8 X 10" or 8 10'*/cm? 250 keV Er. During SPE, a ma-
jority of the Er in the higher dose sample is trapped in the ¢-Si. In
contrast, almost all of the Er has segregated to the surface in the low dose
sample.

nesses after annealing were measured with RBS in the
channeling configuration. The Er profiles were measured
under random conditions to ensure consistent depth scales
in the ¢-Si.

Figure 5 shows the amount of ¢-Si regrowth versus
anneal time at 525 °C for the pure and Er-implanted a-Si
samples. The regrowth of a pure ¢-Si is linear in time with
a velocity of 0.29+0.02 A/s, in good agreement with pre-
vious measurements.”* The two Er-implanted samples also
regrow at this same velocity as long as the ¢-Si/a-Si inter-
face is moving through a-Si without any Er in it. Once the
¢-Si/a-Si interface reaches the Er profile and Er segrega-
tion begins, the regrowth velocity increases to 0.48 +0.04
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FIG. 5. Regrown thickness vs anneal time at 525 °C for pure 4-Si and a-Si
implanted with 0.6 or 1.6X 10'* 1.5 MeV Er. The dotted line indicates the
original a-Si layer thickness. The pure ¢-Si regrowth is linear with a
velocity of 0.29+0.02 A/s. The velocity in the Er doped samples in-
creases to 0.48:0.04 A/s during the segregation of the Er.
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FIG. 6. RBS spectra before and after a 1 h 600 °C anneal of 3 X 10'*/cm”
75 keV Er implanted in preamorphized SIMOX. The peak Er concentra-
tion is 2 at. %. In this glancing angle geometry, one channel corresponds
to 1.5 nm of ¢-Si. The drawn lines are Gaussian fits with the standard
deviations ¢ indicated in the figure. There is no statistically significant
difference between the two Er profiles, demonstrating that Er diffuses very
slowly.

A/s, 65% higher than for the pure a-Si sample. The two Er
samples reach the same velocity, although the lower flu-
ence sample achieves it somewhat later than the higher Er
fluence sample. The same velocity enhancement factor of
65% is also observed for 550 °C anneals (not shown).

C. Erbium diffusivity in amorphous silicon

Because no diffusion of the Er trapped in ¢-Si is ob-
served, the ¢-Si diffusion coefficient of Er is small enough to
be neglected in the segregation analysis. The diffusion of
the impurity ahead of the advancing interface is, however,
crucial to modeling the segregation. To try to measure the
Er diffusivity, samples with 120 nm Si on 480 SiO, made by
the SIMOX process were amorphized by a 1X10'*/cm?
100 keV Si implant at liquid nitrogen temperature. SIMOX
was used to avoid solid phase recrystallization of the amor-
phized films during the 600 °C anneals used for the diffu-
sion studies. A 3% 10%/cm? 75 keV Er implant (peak
concentration of 2 at. % Er), also at liquid nitrogen tem-
perature, was used to make a shallow Gaussian Er profile
for measuring diffusion.

Figure 6 shows the Er portion of RBS spectra taken at
glancing angle (97° backscattering angle) before and after
a 1 h 600 °C anneal. Transmission electron microscopy and
diffraction (not shown) show that the éémple is still amor-
phous after the anneal. Gaussian fits to the two spectra
result in rms deviations of 0=7.3%0.1 channels before
annealing and ¢=7.2+0.1 channels after annealing.
Therefore, the Er profiles before and after annealing are
statistically the same. Since one channel is equivalent to 1.5
nm, this indicates that the diffusion coefficient of Er in bulk
a-Si at 600°C is less than 1X 1077 cm?/s.
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FIG. 7. The Er portion of a MEIS spectrum from a 4 10" Er/cm?
sample regrown to 14 nm from the surface (5X35 s at 600 °C, see Fig. 1).
The Er surface energy is indicated by the arrow. The position of the
¢-Si/a-Si interface (dotted line) is within the range shown by the bar. The
segregation coefficient derived from the Er concentrations in the a-Si and
cSi is k=0.2.

D. Measuring the segregation spike width

Combining the interface velocity during recrystalliza-
tion (1 nm/s, as estimated from Fig. 1) with the maximum
diffusivity estimated above yields a segregation spike width
of D/v=~10"% nm. This is an unphysical spike width be-
cause it is much less than an interatomic spacing in Si.
Using MEIS it is possible to directly measure the segrega-
tion spike profile, provided that it is very near the surface.
The short-time 600 °C RTAs of the 4 X 10'* Er/cm? sample
resulted in a sample where the a-Si/c-Si interface was only
=14 nm from the surface (5X5 s anneal in Fig. 1). For
the MEIS measurements, 100 keV H ions were incident
several degrees off a [111] direction, and collected over a
20° angular range. In this geometry, there is no channeling
of the incident beam, but blocking of the backscattered
protons in the crystal substrate can be observed (not
shown).

Figure 7 shows the Er portion of the MEIS spectrum
for this sample at a scattering angle of 103.3°, The Er sur-
face energy is indicated by the arrow. Since the blocking
dips in the ¢-Si are relatively shallow, and because the Si
signal lies atop a (nonconstant) Er background, it is diffi-
cult to determine the exact position of the a-Si/c-Si inter-
face from the Si portion of the MEIS spectrum. The dotted
line indicates the position of the interface determined from
2 MeV He channeling data, with the error bar resulting
from uncertainties in the stopping cross sections for both
100 keV H and 2 MeV He. The Er concentration trapped
in the crystal is 4.5 10'® Er/cm?®, while the concentration
in the o-Si directly ahead of the interface is 2 10%°
Er/cm?, some 5% higher (k=0.2). The width of the seg-
regation spike is =~3 nm, significantly larger than esti-
mated above from the bulk @-Si diffusivity and interface
velocity. In addition to being wider than expected, the
shape of the segregation spike is noteworthy, with a sharp
leading edge in the ¢-Si and a broader trailing edge at the
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a-Si/c-Si interface. This is the opposite of the classic seg-
regation spike shape of a leading edge broadened by diffu-
sion into the a-Si and a sharp step at the ¢-Si/a-Si interface.

Three different factors can influence the measured
shape of the profile: the detector resolution, energy strag-
gling of the H beam, and thickness variations in the -Si
overlayer over the diameter of the H beam (~1 mm). The
detector resolution is almost entirely negligible relative to
the widths of the leading or trailing edges.?? Any variations
in the thickness of the ¢-Si layer would smear out the entire
profile, which is inconsistent with the sharp leading edge.
The sharpness of the rising edge places an upper limit on
the energy straggling. Fits of trial profiles (not shown)
assuming either no energy straggle, or that the width of the
rising edge is determined entirely by straggling, result in
segregation spike widths (FWHM) of 3.4 and 2.8 nm,
respectively.

In all fits, the front edge of the segregation spike is
sharper than the trailing edge, and this does not result from
the factors discussed above. The rms roughness of an (im-
purity free). a-Si/c-Si interface has been measured, using
x-ray diffraction, to be <1 nm.?* However, this could only
account for some of the width of the trailing edge. Further,
it would require that Er diffuses rapidly parallel to the
interface to keep the front edge sharp. This type of diffu-
sion behavior is unlikely to occur in the isotropic a-Si.
Another possibility is that there is a transition region in the
a-Si between the a-Si/c-Si interface and the bulk ¢-Si film.
Then, the width of the trailing edge of the Er profile would
occur through, e.g., a decrease in trap density through the
transition region. Although a transition region is required
to accommodate bonding constraints, it is generally
thought to be at most a few atomic layers thick,?*?® much
thinner than is required here. In any case, the actual seg-
regation spike profile is asymmetric, with the leading edge
being sharper than the trailing edge.

E. Effects of oxygen on erbium segregation

It has been shown that oxygen affects the segregation
and trapping of Er during SPE.? In order to investigate
what happens when an Er segregation spike encounters an
O-rich region, thick a-Si samples implanted with 1.5 MeV
Er (as used for the SPE velocity measurements) were
coimplanted with 5X 10'*/cm? 160 keV oxygen. This en-
ergy was chosen to place the O profile slightly close to the
surface than the Er profile, as sketched schematically in
Fig. 8(b). The O peak concentration was 1.5X 10°°/cm?.
Samples implanted only with Er, and oxygen coimplanted
samples were annealed at 550 °C. RBS-channeling mea-
surements (not shown) of partially regrown samples show
that the presence of the O retards SPE, as expected for O
alone.>° Figure 8(a) shows RBS spectra of the as-
implanted Er profile, and the profile after SPE at 550 °C of
the sample implanted only with Er. The SPE results in
significant segregation, with the ER segregation spike
reaching all the way to the surface (note that the depth
scales are very different than in Figs. 1-4). Figure 8(b)
shows RBS spectra for the Er+O sample after 1 and 11 h
anneals at 550 °C. Before the interface reaches the im-
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FIG. 8. (a) RBS spectra of 780-nm-thick a-Si as implanted with
1.6 10'%/cm? 1.5 MeV Er, and after SPE at 550 °C. Considerable segre-
gation of the Er is observed. (b) RBS spectra of 780-nm-thick -Si im-
planted with 1.6X10'*/cm? 1.5 MeV Er and 5Xx10'%/cm? 160 keV O
after annealing for 1 h and 11 h at 550 °C. A small segregation spike is
observed for the 1 h anneal. After the 11 h anneal, no Er has been
segregated to the surface as is observed in (a) for the sample without any
O. The shape and position of the implanted O profile is schematically
indicated by the dotted curve.

planted O, the segregation and trapping of Er are similar to
that in the sample without additional O. However, as the
interface grows through the O profile, the trapping in-
creases dramatically, and no Er reaches the sample surface.
This shows that the segregation coefficient (the trapping)
must be higher in the oxygen coimplanted sample. How-
ever, segregation occurs initially, as demonstrated by the
presence of a segregation spike in the 1 h annealed sample.

F. Segregation and trapping of praseocdymium

To determine if the segregation and trapping of Er is a
general property of the rare-earth elements, we attempted
to incorporate Pr in c¢-Si. Figure 9 shows the Pr region of
RBS spectra before and after annealing (1 h at 550 °C) of
Pr-implanted a-Si. For a low dose (3.5% 10'*/cm? 250 keV
Pr) implant, almost complete segregation to the surface is
observed. The higher dose (7% 10 Pr/cm? 250 keV Pr)
sample leads to much more trapping of Pr in the ¢-Si. The
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FIG. 9. The Pr region of RBS spectra before and after 1 h 550 °C anneals
of a-Si implanted with 3.5 and 7X 10'* 250 keV Pr. The anneal results in
complete recrystallization of the -Si layer by SPE, and segregation and
trapping of the Pr. The maximum trapped Pr concentrations are
7.5 10'® and 5.5X 10" Pr/cm? for the two samples.

peak trapped concentrations are 7.5 10'® and 5.5 10"
Pr/cm’ for the Pr doses of 3.5 and 7.0X 10" Pr/cm? re-
spectively. Both samples exhibit single-crystal growth to
the surface, as is also observed for Er at similar concentra-
tions and anneal temperatures. The large increase in trap-
ping with Pr dose is also similar to what is observed for Er
(Fig. 4).

V. DISCUSSION

Previous examples of impurity redistribution in Si dur-
ing SPE can be split into three different cases. At one
extreme, the impurity has a very low diffusivity and does
not redistribute, resulting in complete trapping, even at
concentrations several orders of magnitude above the solid
solubility.*"32 This generally occurs for dopants (e.g., B, P,
As, and Sb) which are placed on substitutional lattice sites
during growth. A second extreme is observed for fast dif-
fusing metals (i.e., Cu, Ag, and Au) where the impurity is
completely rejected from the growing crystal.>*** The in-
creasing concentration of the metal in the g-Si eventually
disrupts epitaxy. In the case of Au, this occurs by nucle-
ation of twins at the growing interface, with Au being
trapped in the twinned crystal. For Cu and Ag, epitaxy is
instead halted by random nucleation of crystal in the a-Si
layer. Finally, In is a special segregation case. At low In
concentrations, the In is completely trapped on substitu-
tional lattice sites.>* Above a critical concentration, a nar-
row segregation spike forms which sweeps the excess In
towards the surface.**>® Finally, at even higher concentra-
tions a rapid, melt-mediated crystallization of the a-Si
layer is observed. The trapping of In is affected by codop-
ing with other elements, possibly by changing the effective
solubility limit of In in ¢-Si.%¢

The segregation and trapping of Er differs in general
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from these three cases. The diffusivity of Er in «-Si is so
small (<10~'7 cm?/s) that complete trapping is expected,
but segregation is observed instead. The segregation coef-
ficient is sensitive to parameters such as temperature, con-
centration, and coimplanted impurities. Finally, the segre-
gation spike profile is unlike what is expected for classic
segregation. Determining the physical reasons for these ex-
perimental observations is difficult because there is very
little known about Er in either a-Si or ¢-Si, such as the
diffusion mechanisms, diffusivities, impurity solubilities,
and the thermodynamics of Er in ¢-Si versus @-Si, which
determine if the trapping is thermodynamic or kinetic. Us-
ing what is known about the behavior of transition metals
in a-Si, and the physical properties of ¢-Si itself, we present
below a possible scenario which explains the segregation
and trapping of Er in ¢-Si.

A. Diffusivity of erbium

The attempt to measure the diffusivity of Er in bulk
a-Si (Fig. 6) indicated that the diffusivity is <1X10~"
cm?/s at 600 °C. This is far too small to allow significant
segregation, much less to account for the measured segre-
gation spike width, implying that the Er diffusivity near the
a-Si/c-Si interface must be enhanced with respect to the
bulk value. There has been much recent work on the dif-
fusion mechanism of transition metals in a-Si,***? which
may apply as well to the metallic rare earths. The transi-
tion metals are believed to diffuse interstitially, but are
“retarded by temporary trapping at defects intrinsic to the
amorphous structure.” *> The diffusion rate depends
strongly on the concentration and strength of the traps.

If Er diffuses in a manner analogous to the transition
metals, then we can qualitatively explain a diffusivity en-
hancement near the a-Si/c-Si interface by enhanced detrap-
ping during SPE of Er occupying traps in the a-Si. This
may occur in two ways. First, detrapping will occur as the
¢-Si/a-Si interface reaches an occupied trap and consumes
it, rejecting the Er as an interstitial. Second, some detrap-
ping in the vicinity of the interface may also occur through
the bond rearrangements at or near the a-Si/c-Si interface
that cause SPE.2**3 Some bond rearrangements may take
place just ahead of the interface to maintain a constant
bond density at the interface.?® In any case, Er near the
interface is able to diffuse because it is ejected from the
traps by the growth process itself, while Er in the bulk ¢-Si
remains trapped. The ejected Er will diffuse until encoun-
tering an empty trap in the a@-Si, or being incorporated in
the growing c-Si. ‘

An estimate of the diffusivity at 600 °C of Er near the
interface can be obtained from the MEIS spectrum in Fig.
7. Using the approximation that, in a normal segregation
process, the segregation spike width is D/v, and using the
measured width of some 3 nm and a regrowth velocity of 1
nm/s, the diffusivity required to keep the spike moving is
on the order of 3 10~ cm?/s. This is at least three or-
ders of magnitude higher than the upper bound on the bulk
diffusivity of Er in ¢-Si obtained from Fig. 6. Although it is
difficult to draw firm conclusions without good data on the
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Er diffusivity in ¢-Si, it is apparent that Er is strongly
bound to the traps in the bulk ¢-Si. This strong interaction
with the traps can also have large effects on the segregation
process, not just the diffusivity.

B. Thermodynamic versus kinetic trapping

For low Er doses, nearly complete segregation of Er to
the surface is observed (Fig. 4). It is only for higher doses
that k increases and substantial trapping is observed. To
determine why % changes we must determine if k& is con-
trolled by thermodynamic (k=<k,) or kinetic (k> k,) fac-
tors. The large trapped concentrations of Er, probably well
above the solubility limit, coupled with the narrow segre-
gation spike, are suggestive of kinetic trapping. However,
this view ignores the amorphous side of the interface,
where the solubility of Er is not known either. We suggest
that the structural defects in the g-Si that limit diffusion
will also affect the free energy of impurities. It will be
argued below that k& is controlled by thermodynamics and
that kinetic trapping does not occur. This is also concluded
from the changes in & observed in the O coimplanted sam-
ples.

The equilibrium segregation coefficient &, is commonly
defined as the ratio of impurity solubilities on either side of
the interface. The tie-line construction used to determine
phase equilibria (and hence solubility limits) is equivalent
to requiring that the chemical potentials of the impurity
and the host are constant across the interface. This implic-
itly assumes that the interface is at or near equilibrium. In
the case here, a-Si is metastable with respect to ¢-Si at all
temperatures below the melting point. Thus, @-Si is never
in equilibrium with ¢-Si.* This makes it difficult to define
k, in the standard sense. We instead take “equilibrium”
segregation to mean that the impurity redistributes itself so
as to keep its own chemical potential constant across the
interface. Further, because the segregation process is dy-
namic and the bulk diffusivity is small, we can only con-
sider local equilibrium near the interface and within the
segregation spike itself.

The chemical potential has both entropic and enthalpic
contributions, although the entropy of mixing should be
essentially the same in ¢-Si and a-Si. Because of the simi-
larity in short-range order in ¢-Si and a-Si, the enthalpy to
place an Er atom on a given position, e.g., interstitially,
should also be similar in the two phases. The major differ-
ence is the presence in the a¢-Si of the trap sites (0.1-1
at. %) which are important in determining the
diffusivity.*>*? Because of the substantial trapping en-
thalpy (~1eV) 2 Er will preferentially occupy these sites.
It is these traps that increase the solubility of Er in «-Si
relative to ¢-Si.

As long as the Er concentration in the a-Si is less than
the trap density, the chemical potential of Er in 2-Si will be
less than in ¢-Si, resulting in k,~0. (Note that some trap-
ping of Er in the ¢-Si should always occur, if only for
entropic reasons.) Any Er atom rejected from the a-Si/c-Si
interface will readily find an unoccupied trap. Once the
traps near the interface are filled (within a diffusion length
in the Er-saturated a@-Si), however, the energy difference

Custer, Polman, and van Pinxteren 2815

Downloaded 15 Sep 2003 to 131.215.237.184. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



between placing Er in (trap saturated) a-Si and c-Si be-
comes very small. The Er will then diffuse until it finds an
unoccupied trap in the a-Si (by diffusing through the trap-
saturated @-Si), or it gets left behind in the ¢-Si as the
interface moves away. (It should be noted that the Er in
the segregation spike is only in local equilibrium—in true
equilibrium the Er would redistribute throughout the a-Si
layer.) The result is that k, should increase with increasing
Er concentration, as is observed (see Fig. 4). Thus, kinetic

trapping does not have to be invoked to explain the con-

centration dependence of k.

There is another reason to suspect that the observed
segregation is determined by thermodynamic consider-
ations more than kinetics. In the usual kinetic trapping
regime (pulsed laser melting) k is determined almost en-
tirely by the interface velocity (k increases with increasing
velocity), and is almost independent of ke.u'13 However,
the samples coimplanted with O show an increased trap-
ping rate even though the SPE rate was lower than in the
samples without O. This is contrary to what is expected for
kinetic trapping. In this case, the presence of O may make
incorporation of Er in the crystal easier, possibly through
formation of Er-O complexes which would lower the en-
thalphy required to introduce Er into c-Si. Alternatively, O
could either preferentially occupy or decrease the density
of traps in the a-Si. Such an elimination of the traps which
Er prefers energetically would increase k by altering the
balance of free energies of Er in ¢-Si and ¢-Si. Either way,
the presence of O affects the equilibrium segregation coef-
ficient. More measurements are underway to distinguish
between these alternatives.

C. Segregation spike profile

In classical segregation, the peak of the segregation
spike is expected to be at the ¢-Si/a-Si interface where the
Br is rejected from the ¢-Si. Because the spike width mea-
sured here is substantially larger than would be expected
from the bulk diffusivity and the regrowth velocity, an
enhanced diffusivity of Er near the interface was proposed
above. The proposed mechanisms for diffusivity enhance-
ment and thermodynamically controlled segregation can
also lead to a segregation spike profile with a flattopped
shape. The concentration of Er ahead of the interface will
be determined by the trap density plus the excess Er that is
attempting to diffuse away from the interface to avoid in-
corporation in the ¢-Si. This explains the wide, nearly flat-
topped nature of the measured segregation spike. Assum-
ing that the Er in ¢-Si and the excess Er in a-Si have
roughly the same concentration (i.e., similar enthalpies),
this indicates that the trap density is close to 0.3 at. %, in
good agreement with estimates of the trap density as mea-
sured by metal diffusion,”? as well as calorimetry, photo-
carrier lifetime, and conductivity studies.**™® The sharp
falloff in concentration at the front of the segregation spike
is the result of Er occupying the first available empty trap
in the a-Si. The much wider rear edge of the Er segregation
spike may be the result of the excess Er diffusing around
the ¢-Si/a-Si interface as it attempts to find an energetically
favorable site.
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D. SPE velocity effects and breakdown

The segregation of Er leads to a 65% enhancement in
the SPE velocity. The reasons for the velocity change are
most likely similar to those for the fast diffusing metals
(Cu, Ag, and Au), which have been discussed in detail
elsewhere.’>3* These metals are thought to influence SPE
through metal-Si interactions altering bond strengths at or
near the interface.* Since Er interacts strongly with Si, as
evidenced by silicide formation at low temperatures
( <300°C),” an enhancement in the SPE rate is expected
within this model. The velocity enhancement is nearly con-
stant once segregation starts, and is the same for samples
with different Er concentrations, which is in agreement
with the idea that the concentration of Er directly at the
interface quickly saturates at the ¢-Si trap density. It
should be mentioned that since Er enhances the SPE rate
there would appear to be no effects of solute drag on the
segregation process.

The other effect of Er on SPE is the breakdown of
epitaxy via twin formation for high Er concentrations
and/or high anneal temperatures. One possible mechanism
is disruption of the growth front by Er precipitation or
silicidation in the segregation spike immediately ahead of
the interface, generating the twins. However, no second
phase precipitates can be identified even in high resolution
TEM images of the twinned region.?! Further, no precipi-
tates or silicides can be observed after the 1 h 600 °C anneal
of the SIMOX diffusion sample (maximum Er concentra-
tion of 2 at. %), which would seem to discount this break-
down mechanism. The second possible mechanism is re-
lated to the segregation itself. As the Er concentration in
the a-Si and ¢-Si increases well above the solubility limits,
at some point it should become energetically favorable to
nucleate twins to use the twin boundaiies as Er trapping
sites. Once twinning occurs, the segregation coefficient
rises sharply, as shown in Figs. 2 and 3, presumably by
incorporating Er on the twins. A similar rapid increase in
trapping with twin formation has also been observed for
Au segregation during SPE or ion-beam-induced
epitaxy.”"33 Still, we are unable to separate cause from
effect in this case.

E. Generalization to other rare earths

Initially it would have been surprising to expect a pri-
o¥i that other rare earths would be incorporated in ¢-Si via
SPE in a manner similar to Er. This is particularly true
since almost nothing is known about the solubilities or
diffusivities of rare earths in ¢-Si or @-Si. For example,
changes in the diffusivity in bulk a-Si could completely
change the segregation behavior. However, the scenario for
Er segregation discussed above is nearly independent of the
properties of Er in bulk a-Si. As long as the element dif-
fuses interstitially, and preferentially occupies trapping
sites in the a-Si, the scenario may be valid. The only ques-
tion will be how large the segregation coefficient is, which
will mainly depend on how energetically attractive the a-Si
traps are for the impurity. Although we cannot be sure at
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this stage how similar the segregation of Pr is to Er, the
fact that significant trapping of Pr is observed suggests that
it may be possible to use SPE to incorporate other rare
earths in ¢-Si as well.

V. CONCLUSIONS

In conclus1on, SPE can be used to incorporate
>1X10% Er/cm® in ¢-Si through segregation and trapping
of Er at the moving a-Si/¢-Si interface. Segregation occurs
in spite of a very small diffusivity of Er in bulk a-Si. The
segregation coefficient varies with Er concentration, as well
as the presence of coimplanted oxygen. The presence of an
Er segregation spike increases the SPE rate by 65%. The
scenario suggested for this segregation behavior is that Er
prefers to occupy trap sites in a a-Si. Segregation occurs
through trap annihilation at the interface and injection of
Er as a fast diffusing interstitial into the @-Si. As long as
there is a low concentration of Er in the segregation spike,
the diffusing interstitial can find a new trap, and nearly
complete segregation is observed. As the Er concentration
iricreases above the trap concentration in the g-Si, &k in-
creases and the Er concentration trapped in the ¢-Si in-
creases. Segregation and trapping of Pr during SPE is also
observed, and the process may be applicable for rare earths
in general. However, parameters such as the maximum
concentration that can be incorporated may vary from el-
ement to element.
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