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Optical doping of silicon with erbium by ion implantation
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FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 8] Amsterdam, The Netherlands

New procedures to incorporate high concentrations of erbium in silicon are presented, together with measurements of the
characteristic photoluminescence at 1.5 wm of Er*" in silicon. Er-doped amorphous Si was prepared by implantation of 5.4 x 103
Er/cm? at 250 keV into 550 nm thick amorphous Si surface layers prepared by Si implantation. The incorporation of Er in
crystalline Si was investigated for Si(100) implanted with 250 keV Er at 910" cm 2. The amorphized Si layers were crystallized
by either thermal solid phase epitaxy (SPE) at 600°C, or ion beam induced epitaxial crystallization (IBIEC) at 250°C. Segregation of
Er is observed during SPE, with Er concentrations up to 10?° cm~* remaining trapped in the crystal (X min = 5%) after regrowth.
Under IBIEC, the original Er profile is completely trapped in the erystal (x,,;, = 10%). Thermal annealing was used to optically
activate the Er. After annealing at 400°C, the Er-doped amorphous Si layers show a very small photoluminescence intensity (at 77
K) around 1.5 pm, superimposed on a defect band from the amorphous Si itself. For samples crystallized by SPE or IBIEC the
maximum photoluminescence signal (at 77 K) is obtained after annealing at 1000°C. The intensities are much higher than for Er in
amorphous Si. SPE regrown samples show sharp spectra peaked at 1.54 wm, while IBIEC samples exhibit a broad spectrum, = 0.1
wm wide, peaked at 152 wm. The similarities and differences in optical spectra for the different Er-doped materials are discussed.

1. Introduction

Silicon is the key element in today’s electronic inte-
grated-circuit technology. Unfortunately, Si has an in-
direct band gap, which precludes efficient light emis-
sion under electrical excitation. Since optical technolo-
gies are becoming more important in areas that were
traditionally the domain of electronics [1], it becomes
more and more important to find solutions around this
problem. Several efforts have been made already to
obtain light emission from silicon: band gap engineer-
ing by the addition of Ge or the addition of isoelec-
tronic impurities or structural defects resulting in ra-
diative recombination. However, none of these meth-
ods have proven successful. Ennen et al. [2,3] have
pointed out the potential of rare-earth ions in semicon-
ductor materials for obtaining light emission. Rare-
earth ions, incorporated in the proper charge state,
have internal luminescent intra-4f transitions, which
are shielded from the surrounding crystal by filled
outer electron shells,

Fig. 1 shows a schematic energy level diagram of the
rare-earth erbium in its trivalent state. The levels are
determined by the Coulomb interaction and spin-orbit
coupling for the 4f electrons. For Er incorporated in a
solid, the local electric field lifts the degeneracy of
these levels (Stark splitting). Each level splits up in a
manifold of which the exact line positions depend on
the field strength and Er site symmetry. The lines
broaden by inhomogeneities in Er site distribution, as
well as homogeneous broadening (at elevated tempera-

tures). An important effect of the crystal field is that it
modifies the transition probabilities between the Er?*
manifolds so that some transitions, which are forbid-
den in the free ion, become allowed. The transition
between the first excited manifold *I,;, and the
ground manifold *I,5 , is of great interest because it
occurs at a wavelength of 1.5 pm, a standard wave-
length in telecommunication technology. Photolumi-
nescence [2-7] and electroluminescence [3] of this
transition in Si:Er have indeed been demonstrated.
The details of the excitation mechanism for lumines-
cence are at present unknown. One possible mecha-
nism involves the recombination of electron—hole pairs
(generated either electrically or by optical pumping)
near an Er ion. The recombination energy is then
transferred to the Er ion, which then releases its en-
ergy by radiative or nonradiative decay to the ground
state. Other excitation mechanisms have also been
proposed [8]. In fig. 1, for reference, the magnitude of
the Si band gap is indicated schematically.

Apart from limited work on Er-doped hydrogenated
amorphous Si [9] most work in the past few years
concentrates on Er incorporated in crystalline Si (c-Si).
These studies include the optical spectra [2-7], the Er
site configuration [5], the role of impurities on the
luminescence [6,7] and the electrical properties [10-12].
Only very few studies have been made on the struc-
tural aspects of incorporating Er in c-Si [13-16]. At
present, important questions as to the Er solubility, as
well as diffusion and precipitation phenomena have
remained unanswered and the optimum recipe for
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Fig. 1. Schematic energy level diagram for Er®*. The scheme
on the left indicates the different levels for the Er free ion,
determined by Coulomb interaction and spin-orbit coupling
for the 4f electrons. As indicated on the right, the Stark effect
further splits these levels when Er is incorporated in a host
such as Si. The main transitions of interest are indicated by
arrows. The magnitude of the Si band gap is indicated

schematically by the dashed line.

Er3+ free ion

incorporating high concentrations of Er in ¢-Si is yet
unknown.

In this paper we study the incorporation of Er in Si
by ion implantation. We first present results on Er in
pure amorphous Si (a-Si). High concentrations of Er
can be incorporated in a-Si, but the Er PL intensity is
relatively low. We then continue with Er in ¢-Si. It has
been shown before that very small quantities of Er
(< 10" em™?) can be incorporated in good-quality c-Si
by ion implantation and made optically active [13].
Higher concentrations lead to high densities of implan-
tation-induced lattice displacements, which on anneal-
ing lead to extended defects [17]. The critical fluence
for this to occur is on the order of 10" ions /cm? at an
implantation energy of 500 keV. As we will show, a
way around this problem is to use high-dose implants
which fully amorphize the Si. The Er-doped a-Si layers
are then crystallized using either thermal solid phase
epitaxial recrystallization (SPE) [18] at 600°C or ion
beam induced epitaxial crystallization (IBIEC) [19] at
250°C. While some efforts have been made in the past

to crystallize Er-doped a-Si by SPE, most of these have
led to defective crystal growth [13—16]. As we will show
in this paper, perfect epitaxy can only be obtained for
low annealing temperatures. The Er concentration in-
corporated by either SPE of IBIEC is as high as 10%
cm™?. At 77 K, these Er-doped materials show clear
photoluminescence from Er near 1.5 pm.

2. Experimental

Czochralski-grown (CZ) n-type (100)Si wafers with a
resistivity of 1 {2 cm were used in all experiments. The
a-Si: Er samples were prepared by first amorphizing a
550 nm thick Si surface layer with 3 X 10" Si/cm? at
350 keV, followed by a 5.4 x 10" Er/cm? Er implant
at 250 keV. SPE and IBIEC studies were carried out
on samples in which 9x 10" Er ions/cm? were di-
rectly implanted into c-Si at 250 keV. All implants
were performed with the sample heat sunk to a copper
block cooled by liquid nitrogen. The pressure during
implantation was below 10~7 mbar. The amorphous
layer thicknesses and Er concentration profiles were
measured with Rutherford backscattering spectrometry
(RBS) using 2 MeV He. Thermal annealing and SPE
were performed in either a rapid thermal annealer
(RTA) under flowing Ar or in a standard tube furnace
at a pressure below 10”7 mbar. IBIEC was performed
using a 500 keV Si beam with a beam current on target
of 2 wA. The sample was attached with silver paint to
a copper block held at a constant temperature of
250°C. The total Si fluence was 8.9 X 10'° jons/cm?
and the pressure during irradiation was 10~ % mbar.

Photoluminescence (PL) spectroscopy was per-
formed using the 514.5 nm line of an Ar™ laser as a
pump source. The 1/e penetration depth of this wave-
length is 890 nm in (defect-free) c¢-Si [20], and 28-44
nm in a-Si [21], depending on the degree of structural
relaxation. Pump powers were either 200 or 300 mW,
and the pump beam was mechanically chopped at 15
Hz (a-Si:Er) or 55 Hz (c-Si:Er). The luminescence
signal was collected using a 0.5 m monochromator, a
liquid nitrogen cooled Ge detector, and a lock-in am-
plifier. The spectral resolution was 6 nm. Low-temper-
ature PL measurements were performed using a liquid
nitrogen cooled cryostat, with the samples kept in
vacuum (107 mbar). No absolute measurements were
performed, but all PL spectra are plotted against the
same ordinate, so relative intensities may be compared.

3. Results

3.1. Er in amorphous Si

RBS measurements (not shown) showed that the Er
profile in the amorphized Si sample (250 keV, 5.4 x
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10" Er/em?) was Gaussian shaped, peaked at a depth
of 80 nm, with a full width at half maximum of 60 nm.
The Er peak concentration was 8 x 10 em 2 (1.6
at.%). PL measurements at 77 K did not show any
measurable signal from the as-implanted sample. Ther-
mal annealing of a-Si: Er is necessary to observe mea-
surable PL. An optimum was found [22] after anneal-
ing at 400°C for 1 h. RBS shows no indications at this
temperature for diffusion of Er, nor recrystallization of
the a-Si layer. The PL spectrum, measured at 77 K, is
shown in fig. 2. A broad background is observed, which
is also seen in pure a-Si, which was not implanted with
Er [22]. Superimposed on the a-Si band is the charac-
teristic luminescence of Er with a main peak at 1.542
pm and a side peak at 1.553 pm.

3.2. SPE of a-Si: Er

Fig. 3 shows a RBS /channeling spectrum after im-
plantation of 9 X 10'* Er/cm? in Si(100) at 250 keV.
As can be seen, a continuous amorphous layer has
formed; it extends from the surface to a depth of 160
nm. The as-implanted Er profile is approximately
Gaussian and peaks at a depth of 70 nm, with a full
width at half maximum of 60 nm. The Er peak concen-
tration is 1.5 X 10% em~>. Spectra for samples an-
nealed at 600°C for 15 min or at 900°C for 15 s are also
shown in fig. 3. After annealing at 600°C, the a-Si has
epitaxially crystallized, leaving a thin disorder peak (10
nm) at the surface. The channeling minimum yield in
the recrystallized layer is y;, < 5%, indicating good
crystal quality. The Er has been redistributed, with
65% of the Er remaining trapped in ¢-Si at a maximum
concentration of 9 % 10" e¢m 2, and the remainder in
the surface disordered layer. The Er profiles under
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Fig. 2. Photoluminescence spectrum at 77 K for Er-doped
amorphous Si (5.4 10" Er/em?, 250 keV) after annealing at
400°C for 1 h. A 200 mW, 514.5 nm excitation source was
used. Spectral resolution = 6 nm.
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Fig. 3. RBS /channeling spectra for Er implanted Si (9x 10"

em 2, 250 keV), after implantation and after subsequent solid

phase crystallization at 600°C (15 min) or 900°C (15 s). The
scattering angle was 100°,

channeling or random measuring condition were iden-
tical, so Er is not on substitutional lattice sites. The
redistribution of Er during SPE is a result of segrega-
tion and trapping at the moving c-Si/a-Si interface.
More detailed studies [23,24] show that during the
segregation process Er is accumulating in an extremely
narrow segregation spike at the moving c-5i/a-Si inter-
face at concentrations as high as 10 at.%

In contrast, during 900°C annealing, the initial re-
growth is first epitaxial, but 60 nm from the surface the
quality of the regrowth deteriorates rapidly. Cross-sec-
tion transmission electron microscopy has shown the
formation of twins from the depth at which RBS shows
the disordered layer [23]. In the epitaxial region (deep-
er than 60 nm), Er is trapped at concentrations similar
to those for the 600°C anneal. Once damaged crystal
growth begins, Er is trapped at higher concentrations
possibly at the twin boundaries. The sample is recrys-
tallized to the surface as evidenced from both the
redistribution of some Er to the surface and the mod-
erate channeling in the Si signal.

Fig. 4 shows PL spectra of Si: Er regrown by SPE at
600°C, measured at 77 K. The as-regrown sample shows
clear PL with the spectrum peaked at 1.538 pm. Subse-
quent rapid thermal annealing at temperatures in the
range 800-1300°C (15 s), causes a further increase in
PL intensity; a maximum is reached for anncaling at
1000°C. This spectrum is also shown; it is similar in
shape but =3 times more intense than that of the
as-grown sample. For both spectra in fig. 4 the main
peak as well as the side peak at around 1.55 pm are
attributed to transitions between different Stark levels

1IIc. SEMICONDUCTOR MODIFICATION (c)



656 A. Polman et al. / Optical doping of Si with Er

-1 T
[ c—SiEr (SPE) 1.538 |
! r“ e ]
1.5 -
/-‘:\ a N
= L —-as grown J
‘-9/ i —1000°C 15 sec b
210} u
12} - -
c
o s J
E - -
& 0.5 - 7
: e e O i
0o T 1 T T Ty
1.45 1.50 1.55 1.60 1.65 1.70

Wavelength (um)
Fig. 4. Photoluminescence spectra at 77 K of ¢-Si doped with
Er by SPE. A 160 nm layer was first amorphized by 9x 10"
Er/f:m2 at 250 keV, and then crystallized using thermal
annealing at 600°C for 15 min. Spectra are shown for the
as-grown sample and after subsequent thermal annealing at
1000°C (15 s). A 300 mW, 514.5 nm excitation source was
used. Spectral resolution = 6 nm.

(see arrows in fig. 1), which are homogeneously and
inhomogeneously broadened. The asymmetry in the
spectrum is explained by the fact that due to fast
thermalization the emission proceeds mainly from the
lowest lying level in the *I,; ,, excited state term to the
different Stark levels of the ground term, with the
transition to the lowest level in the ground term being
dominant.

Fig. 5 shows the PL peak intensity as a function of
measuring temperature, plotted in an Arrhenius plot,
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Fig. 5. Photoluminescence intensity at 1.539 wm as a function
of temperature for the 1000°C annealed sample in fig. 4,
plotted in an Arrhenius fashion. A 300 mW, 514.5 nm excita-
tion source was used.
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Fig. 6. RBS /channeling spectra for Er implanted Si (910"
em 2, 250 keV) after implantation, and after ion beam in-
duced epitaxial crystallization at 250°C, using a 500 keV Si
beam. The scattering angle was 169°.

for the c-Si:Er sample regrown at 600°C and subse-
quently annealed at 1000°C. As can be seen, the PL
intensity drops rapidly with increasing temperature,
and finally at room temperature virtually no measur-
able signal is left. The activation energy which charac-
terizes the temperature dependence of the PL intensity
ranges from ~ 10-100 meV.

3.3. IBIEC of a-Si: Er

Fig. 6 shows RBS spectra of the Er-implanted sam-
ple after IBIEC. The spectrum for the as-implanted
sample is also shown. The channeling spectrum after
IBIEC shows that the a-Si has regrown to the surface
with a < 20 nm thick disordered layer remaining at the
surface. y, of the regrown layer is around 10%. A
highly disordered region is observed in the spectrum
below channel 250, corresponding to the damage
caused by the Si beam during IBIEC. The most striking
feature in fig. 6 is that the shape of the Er profiles
before and after IBIEC is identical (the small shift is
attributed to slight carbon buildup at the surface dur-
ing IBIEC, which slightly shifts the surface channels).
No segregation has occurred at the moving c-Si/a-Si
interface. In this way an Er concentration as high as
1.5 % 10% em~3 was incorporated in crystal Si.

Fig. 7 shows PL spectra of Si:Er samples regrown
by IBIEC, measured at 77 K. No PL was observed for
the as-regrown sample. After subsequent annealing at
570°C a low-intensity PL spectrum is observed, with a
maximum at 1.54 pm. The spectral width and asymme-
try are quite similar to that measured for Si: Er crystal-
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Fig. 7. Photoluminescence spectra at 77 K of ¢-Si doped with
Er by IBIEC. A 160 nm layer was first amorphized by 9% 10"
Er/cm? at 250 keV, and then crystallized using 8.9 1015
Si/em? at 500 keV at 250°C. Spectra are shown after subse-
quent thermal annealing at 570°C (1 h) and 1000°C (15 s). A
300 mW, 514.5 nm excitation source was used. Spectral reso-
lution = 6 nm.

lized by SPE at 600°C (fig. 4). However, if instead the
sample is annealed at 1000°C, the spectrum is quite
different; a broad and intense spectrum, peaked at 1.52
pm is observed.

4. Discussion

In section 3, three ways of incorporating Er in Si
have been described. The simplest concept involves
direct implantation of Er in amorphous Si. Doping a-Si
may seem advantageous from a solubility point of view.
As has been demonstrated for several transition metals
[25-27], the effective solubility in a-Si is much higher
than in c-Si, as a result of the presence of intrinsic
defects and traps in the continuous random network
structure of a-Si [28]. Typical solubilities found are in
the order 10?° cm~3. In the present experiments we
have incorporated 8 X 10%° Er/cm? However, to ob-
tain efficient light emission, Er has to be incorporated
in the trivalent state, and it has to be excited effi-
ciently. Earlier experiments have shown that the pres-
ence of oxygen is an essential prerequisite for the
observation of Er photoluminescence (the O is sup-
plied by the intrinsic O background of around 10'®
cm~? in CZ-Si) [6,7]. Possibly, Er and O form com-
plexes in which Er has the required trivalent state.
However, formation of such complexes generally re-
quires annealing temperatures higher than the crystal-
lization temperature of a-Si (= 600°C). Furthermore,
excitation of Er requires the formation of electron—hole
pairs with long enough lifetime and high enough mobil-

ity to reach the Er ions. Photocarrier lifetimes in a-Si
are on the order of several ps [29], and the correspond-
ing carrier diffusion lengths are negligible. Therefore
only electron-hole pairs generated in the immediate
vicinity of the Er ions can cause excitation of the Er.
As the 1/e penetration depth of the pump laser is
smaller than the projected range of the Er ions, only a
very small fraction is excited, resulting in a low PL
intensity. Finally, the high intrinsic defect concentra-
tion of a-Si may cause nonradiative decay of the ex-
cited Er ion, resulting in further quenching of the
luminescence. The broad PL background in fig. 2 is
attributed to transitions between energy levels in the
a-Si band gap related these defects. Such defect lumi-
nescence is also seen in hydrogenated a-Si [30]. In
contrast to what is seen in our experiments on pure
a-Si, in Er-doped a-Si:H the defect luminescence in-
tensity is smaller than that of the Er luminescence [9],
as a result of the defect passivation by hydrogen.

In crystalline Si, the Er concentration which can be
incorporated is smaller than in a-Si. As shown in fig. 3,
for 600°C annealing, up to 9 X 10" Er/cm’ is trapped
in the segregation process during SPE. More extensive
experiments [23] have shown that for higher-fluence
implants the regrowth eventually breaks down if the Er
concentration in the crystal exceeds (1.2 +0.2) x 10%°
cm . This limit is temperature dependent: for 900°C
annealing it amounts to (6 + 2) X 10'° ¢cm~* [24]. This
explains the breakdown seen during 900°C annealing in
fig. 3. While thermal solid phase epitaxy of pure a-Si
leads to complete recrystallization without breakdown
over the entire temperature range from 450 to 1350°C
[18] these data clearly show that the choice of anneal-
ing temperature is critical for recrystallizing Er-doped
a-Si. This explains why earlier attempts to use SPE to
incorporate high concentrations of Er in defect-free
c-Si have failed, generally because too high a tempera-
ture was used during crystallization in an attempt to
optically activate the Er in the same anneal step [13-
16].

The PL intensity of the Si: Er sample grown by SPE
is much higher than that of a-Si:Er, and it can be
further enhanced by thermal annealing at 1000°C. We
attribute this enhancement to the formation of Er-O
complexes, an increase in the carrier lifetime, and /or
the formation of Er-defect complexes which mediate
the energy transfer from electron—hole pairs to the Er
ion.

The advantage of IBIEC over SPE is that the Fr
profile remains unaltered after epitaxial regrowth. This
is a result of the low annealing temperature (250°C) at
which the Er mobility near the interface is too low for
any redistribution to occur. On the other hand, IBIEC
does not lead to a crystal quality as good as after SPE
(Xmin = 10%). The broad PL spectrum observed after
1000°C annealing is completely different than that ob-
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served after SPE with subsequent annealing at 1000°C.
More measurements are needed to determine the pre-
cise naturc of the broad band; it may originate from
the Er, with the large width resulting from large inho-
mogenecous broadening due to the high Er concentra-
tion, or it may not be related to Er at all, but instead to
defects in the Si crystal structure [31].

5. Conclusions

Three different ways of incorporating optically ac-
tive Er in Si by ion implantation have been demon-
strated. In pure amorphous Si, the characteristic lumi-
nescence at 1.54 pwm is observed, superimposed on a
broad defect-luminescence band from the a-Si itself.
Due to the shallow pump penetration depth, small
carricr lifetimes, and to the limit to the annealing
temperature which can be used in a-Si, only a very low
PL intensity is observed at 77 K.

Er concentrations up to = 10°° cm~? can be incor-
porated in crystal Si by SPE at 600°C or IBIEC at
250°C. SPE leads to good crystal quality (x,,, = 5%),
but part of the Er segregates to the surface. During
IBIEC the Er profile remains unaltered, but the crystal
quality is not as good (y,;,=10%). In both cases
thermal annealing at 1000°C is necessary to optimize
the PL intensity. While the integral PL intensities are
similar for SPE or IBIEC samples, the spectrum after
IBIEC is much broader. Absolute quantum efficiency
measurements are necessary to further assess the use-
fulness of these optically doped materials: If all Er can
be made optically active with a high fluorescence effi-
ciency, Si-based light-emitting diodes, optical ampli-
fiers, and lasers with useful output powers may be
fabricated [32].
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