Incorporation of high concentrations of erbium in crystal silicon
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High concentrations (= 10%°/cm?®) of Er have been incorporated in crystal Si by solid phase
epitaxy of Er-implanted amorphous Si. This concentration is some 2 orders of magnitude higher
than has previously been achieved. During thermal recrystallization of the amorphous layer,
segregation and trapping of Er occurs at the moving crystal/amorphous interface. As long as the
concentration of Er trapped in the crystal remains below a critical level, perfect epitaxial
regrowth occurs. This concentration limit is temperature dependent, decreasing from
1.20.2X 10*°/cm? at 600 °C to 62X 10'°/cm? at 900 °C.

Silicon would be the material of choice for optoelec-
tronic technology if efficient light emission could be
achieved. Unfortunately, because of its indirect band gap,
Si has very inefficient band-to-band luminescence under
electrical excitation. Several attempts have been made to
avoid this problem, such as band-gap engineering by the
addition of Ge, or the addition of isoelectronic impurities
or structural defects causing radiative recombination, but
so far these techniques have not proven successful. More
recently, Ennen e al pointed out the potential of rare-
earth ions in semiconductors.!? Rare-earth ions in the cor-
rect charge state, exhibit luminescent intra-4 f transitions,
which are shielded from the surrounding medium by filled
outer electron shells. Erbium is of interest because these
transitions occur near 1.5 pm, a wavelength of great im-
portance in optical communication technology.

Erbium-doped Si will only be useful, however, if
enough Er can be incorporated in crystal Si (¢-Si) and
made optically active. Ion implantation followed by ther-
mal annealing is the usual method to introduce Er into
Si.'"® While low concentrations of Er( < 1x 10" Er/em?)
can be implanted and activated in single-crystal Si, high-
dose implants lead to one of two problems. First, above a
critical Er dose (2X 103/cm? at 500 keV), while still be-
low the amorphization limit, high-temperature annealing
leads to extended defect formation.’ Although this was
suggested to be caused by the solubility limit of Er in Si,
the observed defect structures are very similar to preamor-
phization damage (dislocations formed by agglomeration
of displacement damage) which should also occur in this
dose range.’ Second, above the amorphization limit, at-
tempting to epitaxially recrystallize the Er doped amor-
phous Si with high-temperature ( > 750 °C) anneals gener-
ally results in poor crystal quality.*

In this letter we demonstrate how to incorporate up to
10 Er/cm’® in high-quality ¢-Si, more than 2 orders of
magnitude more Er than has been previously achieved.
Erbium is implanted to form a fully amorphized silicon
(a-Si) surface layer. During recrystallization of the 2-Si by
thermal solid phase epitaxy (SPE), segregation and trap-
ping of Er occurs at the moving ¢-Si/a-Si interface. Only
within certain concentration and temperature windows are
high concentrations of Er trapped in high quality single-
crystal Si.

Erbium was incorporated in a-Si by either implanting
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Er directly into ¢-Si (4% 10™/cm? and 9 10/cm? 250
keV Er) or into a-Si previously made by Si implantation
(3X10"/cm® 350 keV Si followed by 1.3, 2.4, or 5.4
X 10"%/cm? 250 keV Er). All implants were performed
with the samples heat sunk to a copper block cooled by
liquid nitrogen. The amorphous layer thicknesses and Er
concentration profiles were measured with Rutherford
backscattering spectrometry (RBS) using 2 MeV He. The
backscattering angle was 100°, giving a depth resolution of
10 nm for a surface barrier detector cooled to 0 °C (16 keV
resolution). The low-dose Er implants generated amor-
phous layers 140-160 nm thick, while the Si preamor-
phized layers were 500 nm thick. The as-implanted Er pro-
files were approximately Gaussian and peaked at a depth of
70 nm with a FWHM of 60 nm. Thermal anneals were
done in a rapid thermal annealer (RTA) under flowing
argon. The indicated anneal times are those after the actual
anneal temperature was reached; the heat-up time was 5 s
in each case.

Figure 1 shows RBS/channeling spectra for the
9% 10" Er/cm? sample both as-implanted and after an-
nealing for either 15 min at 600 °C or 15 s at 900 °C. The
high-yield Si region for the as-implanted sample shows the
160 nm thick a-Si surface layer. After annealing at 600 °C,
the a-Si layer has epitaxially recrystallized, leaving a thin
disordered layer (~ 10 nm) at the surface. The channeling
minimum yield in the recrystallized layer is y, <5%,
indicating good crystal quality. The Er has been redistrib-
uted, with 65% of the Er remaining trapped in ¢-Si and the
remainder in the surface disordered layer. The Er profiles
are identical under both channeling and random condi-
tions, so the Er is not on substitutional lattice sites. During
900 °C annealing, the initial regrowth is epitaxial, but 60
nm from the surface the quality of the regrown crystal
deteriorates rapidly. In the epitaxial region (deeper than
60 nm), Er is trapped at concentrations similar to those for
the 600 °C anneal. Once damaged crystal growth begins, Er
starts being trapped at higher concentrations. The sample
is recrystallized to the surface as evidenced by both the
redistribution of some Er to the surface and the moderate
channeling in the Si signal.

Figure 2 shows TEM micrographs confirming the
RBS/channeling data of Fig. 1. Figure 2(a) shows the
sample regrown at 600 °C, with an additional 15 s, 1000 °C
anneal to optically activate the Er. There are no observable
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FIG. 1. RBS channeling spectra for 93X 10"*/cm? 250 keV Er implanted
samples as-implanted (solid line), after a 15 min 600 °C anneal (dashed
line), and after a 15 s 900 °C anneal (dot-dashed line). The surface chan-
nels for Er, Si, and O. are indicated.

defects in the recrystallized layer, except within the 10 nm
surface disordered layer. High resolution lattice images
(not shown) show no evidence of precipitates or second-
phase inclusions. Figure 2(b) shows that the top 60 nm of
the 900 °C annealed sample is heavily twinned ¢-Si, which
causes the high yield in the RBS channeling spectrum.

The redistribution of Er during SPE is a result of seg- .

regation and trapping at the ¢-Si/a-Si interface. Figure 3
shows the Er portion of RBS spectra of the 4 X 10'* Er/cm?

sample epitaxially regrown at 600 °C for different numbers
of RTA anneals of 5 s each. With increasing number of
anneal steps, the c-Si/a-Si interface sweeps through the
as-implanted Er profile, accumulating Er in a segregation
spike at the moving interface. The width of this peak is
detector resolution limited, so the concentration of Er at
the interface cannot be directly determined. As the Er ac-
cumulates in the spike, the amount trapped in the crystal

1) R ()

FIG. 2. TEM micrographs of 9X 10**/cm? 250 keV Er implanted samples
after (a)’a 15 min 600 °C regrowth anneal followed by a 15 s 1000°C
anneal for-optical activation, and (b) after a single-step 15 s 900 °C an-
neal. The surface is indicated by an arrow.
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FIG. 3. RBS spectra of the 9 10"* Er/cm’ sample as-implanted, and
after 2, 3, or 5 RTA anneals of 5 s each at 600 °C. The arrows indicate the
posifion of the ¢-Si/a-Si interface as determined from the Si portion of
each spectrum.

also increases. Once the ¢-Si/a-Si interface nears the sur-
face, the amount of Er in the segregation spike decreases
because there is no more Er ahead of the interface to be
segregated.

The width of the segregation spike can be estimated
from classical segregation theory as the ratio of the impu-
rity diffusivity (D) ahead of the interface and the interface
velocity (v). From the Si parts of the channeling spectra in
Fig. 3, we obtain v=5 nm/s. Attempts to measure D in
bulk a-Si place an upper limit of D <1X 10717 cm?/s at
600°C."0 Together these yield an estimated segregation
spike width <0.0002 nm, far less than an interplane spac-
ing, which is completely unphysical. However, the diffu-
sivity of Er may be enhanced near the c-Si/a-Si interface,
which has been previously suggested to occur for Sb and
Gal'In any case, this estimate indicates that all the seg-
regated Er is confined at or very near the ¢-Si/a-Si inter-
face, leading to Er concentrations at the interface of 10
at. % or more. Such a metal-rich environment could in-
deed locally increase the Er diffusivity.

The recrystallization process is sensitive not only to the
anneal temperature (Fig. 1), but also to the amount of Er.
Figure 4 presents RBS/channeling spectra for each Er dose
after annealing for 15 min at 600 °C. The Si portion [Fig.
4(a)] shows that the two lowest fluence Er samples exhibit
good epitaxy with Yy <5%. The higher concentration
samples all initially regrow epitaxially, but for each sample
epitaxy is disrupted at a certain depth (indicated by ar-
rows). The higher the Er dose, the sooner epitaxial growth
is disrupted. Figure 4(b) shows the Er parts of the RBS
spectra plotted on the same depth scale as for the Si parts.
The two low-fluence samples have Er profiles as shown in
Fig. 1, with Er trapped in high-quality crystal and a nar-
row Er peak at the surface. The high-dose samples all show
rapid increases in Er concentration once epitaxy is dis-
rupted. Comparison of the Er concentrations for each sam-
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FIG. 4. The Si (a) and Er(b) portions of RBS spectra after 15 min,
600 *°C anneals of samples implanted with 0.4, 0.9, 1.3, 2.4, and 5.4 X 105/
cm? 250 keV Er. The channel scales are plotted such that Si and Er have
the same relative depth scale. The dotted line in (b) indicates the critical
Er concentration where epitaxy is disrupted.

ple at the depth where single-crystal regrowth is inter-
rupted (indicated by arrows) demonstrates that epitaxy is
disrupted once a fixed Er concentration in the crystal, 1.2
0.2 10°%/cm?®, is reached. Similar analysis of regrowth
at 900 °C yields a lower trapped Er concentration limit of
only 62X 10'%/cm?®, with only the lowest fluence Er sam-
ple regrowing completely.

The behavior of Er during SPE is reminiscent of that of
several other impurities. The (unexpected) segregation of
a slow-diffusing element is similar to the case of In.'* How-'
ever, at high enough In concentrations, an amorphous to
polycrystal transformation occurs that apparently is liquid
mediated.'® This is unlikely for a high-melting temperature
element such as Er. Instead, high enough Er concentra-
tions at the ¢-Si/a-Si interface result in twin formation,
similar to what is observed during SPE of Au doped a-Si.!*
However, unlike Er, no measureable amount of Au is
trapped in the crystal before twin formation.

We have demonstrated here that the segregation and
trapping behavior of Er during SPE is sensitive to the re-
growth temperature and the Er concentration. This ex-
plains why earlier attempts to use SPE to incorporate high
concentrations of Er in defect-free crystal have failed,’™®
generally because too high a temperature was used during
recrystallization in an attempt to optically activate the Er
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in the same anneal step. Although we observe some pho-
toluminescence in samples regrown at 600 °C, the intensity
can be increased greatly by high-temperature, post-
regrowth RTA anneals, with the best results obtained after
a 15 s, 1000°C anneal.!® These samples have sharply
peaked photoluminescence spectra, measured at 77 K, cen-
tered around 1.55 ym, similar to previous experiments. 23,8
The crystal quality of these samples remains good, as dem-
onstrated by the TEM micrograph in Fig. 2. .

In conclusion, we have incorporated up to 10%° Er/cm’
in high-quality ¢-Si, some 2 orders of magnitude more than
has been previously achieved. This was done using solid
phase epitaxial regrowth of Er-doped amorphous Si at
600 °C, which is accompanied by segregation and trapping

£ + th Qi /4 Q1 tarf Hioch itial
Ol 'f at tne mo'v'ing -5/ a-51 interface. ign initial con-

centrations of Er eventually disrupt epitaxy. Higher tem-
perature anneals (900 °C) exhibit breakdown in the epi-
taxy at even lower initial concentrations. If all of the Er
incorporated in the ¢-Si could be optically activated, the
fabrication of Si-based optical devices such as light emit-
ting diodes and optical amplifiers would be feasible.
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