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The luminescence quenching of Er in crystalline Si at temperatures between 77 and 300 K is investi-
gated. Samples were prepared by solid-phase epitaxy of Er-implanted amorphous Si layers with or
without O codoping. After epitaxial regrowth at 620 °C, thermal annealing at 900 °C for 30 sec was per-
formed in order to eliminate residual defects in the regrown layer and electrically and optically activate
the Er ions. Measurements of photoluminescence intensity and time decay were performed as a function
of temperature and pump power. By increasing the temperature from 77 K to room temperature the
luminescence intensity decreases by ~ three orders of magnitude in the Er-doped sample without O co-
doping, but only by a factor of 30 in the O-doped sample. In this sample room-temperature photo-
luminescence and electroluminescence have been observed. Time-decay curves show a fast initial decay
(~100 usec) followed by a slow decay (~1 msec), with the relative intensity of these two components
depending on temperature, pump power, and O codoping. The decay curves can be fitted by a sum of
two exponential functions revealing the existence, in both samples, of two different classes of optically
active Er sites. The concentration of excitable sites belonging to the slow-decaying class is similar for
the samples with or without O codoping and rapidly decreases when temperature is increased. At tem-
peratures above 150 K the Er luminescence is dominated by the fast-decaying centers the concentration
of which is greatly increased by the presence of O. It is found that in the absence of oxygen room-
temperature luminescence is hampered by the limited amount of excitable Er ions. In contrast, in O-
doped samples the nonradiative decay of excited Er is the main quenching mechanism. The main factors
determining the temperature quenching of Er luminescence and the crucial role of oxygen are discussed.
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I. INTRODUCTION

The optical behavior of rare-earth atoms in semicon-
ductors is a field of current interest in view of the poten-
tial applications to optoelectronic devices.!? Rare-earth
ions in their 3+state show luminescence from intra-4f-
shell transitions the wavelength of which is almost in-
dependent of the host matrix. Er’" ions produce light
emission from the *I;,,—*I5,, transition at around
1.54 pm, which is a particularly interesting wavelength
since it falls in a window of maximum transmission for
optical fibers. Silicon is the semiconductor with the most
mature processing technology, but light emission from
this material is hampered by its indirect-energy gap. The
introduction of Er ions in silicon has therefore been
recognized as a promising and interesting approach to
obtain electrically induced light emission from this im-
portant material.®~¢

Extensive studies have been performed on the Si:Er
system both from theoretical’ and experimental®™ !¢
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points of view, and several major problems limiting the
Er luminescence in silicon have been solved. For in-
stance, using nonequilibrium solid-phase epitaxy it has
been demonstrated that it is possible to obtain Er incor-
poration in Si at concentrations as high as 1X10?°/cm?
(Refs. 8, 9, and 15) without the formation of precipitates.
Furthermore, evidence has been found for a strong in-
teraction between oxygen and the implanted Er.°~!* Ox-
ygen coimplantation also enhances both the Er lumines-
cence intensity in Si (Refs. 3, 9, and 11) and the Er donor
concentration, which is found to increase by several or-
ders of magnitude.*®!2 These similarities suggest that
electrical and optical activations of Er in Si are correlat-
ed, i.e., the Er donor behavior might be associated with
the optically active Er*™* state.

In spite of the large amount of experimental data, the
strong temperature dependence of the luminescence,*$
resulting in a decrease as large as three orders of magni-
tude on going from 77 to 300 K, has not yet been under-
stood. This temperature quenching is at the moment the
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major limiting factor to the achievement of intense
room-temperature luminescence. This decrease for in-
creased temperatures can be the result of (i) a reduced
pumping efficiency, (ii) a reduced number of excitable op-
tically active sites, (iii) an increased efficiency of nonradi-
ative deexcitation processes, or a combination of these
three cases. In order to discriminate among these
different mechanisms, detailed measurements of the exci-
tation and nonradiative deexcitation of optically active
Er’”" ions are required.

In this paper we present a study of the temperature
and pump power dependence of the 1.54-um lumines-
cence intensity and time decay of Er-doped Si. We
demonstrate that temperature quenching can be caused
by the onset of nonradiative relaxation of excited Er, and
by a decrease in the concentration of excitable sites as the
temperature is increased. In addition, it is shown that
oxygen strongly reduces the effect of temperature
quenching. As a result, room-temperature photolumines-
cence and electroluminescence have been achieved in Er-
doped Si codoped with oxygen. These data are presented
and discussed.

II. EXPERIMENT

Samples of n-type Czochralski (CZ) Si, (100) oriented,
were implanted with Er at 77 K using several different
ion energies (ranging from 0.5 to 5 MeV) in order to ob-
tain an approximately constant Er concentration of
1X10"/cm® between 0.3 and 2 um below the surface. In
addition to Er, the samples were coimplanted with oxy-
gen at several different energies in the range 0.15-1.4
MeV to produce an almost constant O concentration of
1X10%°/cm? in the Er-doped region. These implants pro-
duce a continuous amorphous layer extending from the
surface to a depth of 2.3 um. Similar implants were also
performed on a Si p "-n diode having an area of 0.25 cm?,
and the resulting device was used for electroluminescence
measurements.

After implantation the samples were annealed in vacu-
um at 620°C for 3 h, resulting in epitaxial recrystalliza-
tion of the amorphous layer, as confirmed by transmis-
sion electron microscopy analyses. Additional annealing
was performed in a rapid thermal anneal furnace under
nitrogen flux at 900°C for 30 sec in order to activate,
both optically and electrically, the implanted Er. It has
been shown that the Er segregation,® usually occurring at
the moving crystal-amorphous interface, is inhibited in
presence of oxygen”!>!® and, as a result, all of the Er is
completely trapped in the regrowing crystal. Spreading
resistance measurements’ have demonstrated that 50% of
the incorporated Er is electrically active. Therefore the
previous recipe results in the formation of a ~2-um-thick
good quality single-crystalline layer containing almost
constant concentrations of 1X 10" Er/cm® and 1X10%
O/cm3. This sample will hereafter be referred to as O
doped.

Er was also implanted in CZ-Si (containing ~ 1X 10'?
O/cm?®) without O coimplantation. In the absence of in-
tentionally implanted oxygen, Er segregation occurs dur-
ing the regrowth and, above a critical Er concentration,
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interface instabilities take place inhibiting the regrowth
of thick layers.®%!> In thinner layers ( ~ 160 nm), how-
ever, complete regrowth can occur with the incorpora-
tion of ~1X10%° Er/cm’.® We have therefore incor-
porated Er in a ~80-nm-thick layer at a concentration of
~1X10%/cm? in order to have a similar total amount of
implanted Er as in the O-doped sample. This sample was
implanted with 9X 10'* Er/cm? at 250 keV, and recrys-
tallized at 600 °C for 15 min in vacuum, and activated by
further heating under nitrogen flux at 900°C for 15 sec.
Spreading resistance analyses on this sample showed that
only ~0.5% of the incorporated Er is electrically active.
This sample will hereafter be referred to as undoped.

Photoluminescence spectroscopy was carried out using
the 514.5-nm line of an Ar™ laser as a pump source. The
pump power in the ~ 1-mm-diameter spot was varied be-
tween 10 and 500 mW, and the pump beam was mechani-
cally chopped at 55 Hz. The luminescence signal was an-
alyzed with a spectrometer and detected with a liquid-
nitrogen-cooled Ge detector. Spectra were recorded us-
ing a lock-in amplifier with the chopper frequency as a
reference. Luminescence lifetime measurements were
performed by monitoring the decay of the luminescence
after pumping to steady state and mechanically switching
off the light source. The overall time resolution of the
system was 30 usec. The decay curves were recorded and
averaged using a digitizing oscilloscope system. Low-
temperature measurements were performed using a
liquid-nitrogen-cooled cryostat with the samples kept in
vacuum. Electroluminescence measurements were car-
ried out by biasing the diode with a square pulse at 55
Hz.

III. RESULTS

In Fig. 1, measurements of photoluminescence (PL) in-
tensity at 1.538 um as a function of the reciprocal tem-
perature are reported. The data are taken for both un-
doped and O-doped samples at a constant pump power of
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FIG. 1. Temperature dependence of the photoluminescence
intensity at 1.538 um for both the undoped (circles) and O-
doped (squares) samples. Data are taken at a constant pump
power of 200 mW.
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200 mW. The PL intensity in the undoped layer de-
creases with increasing temperature with a behavior simi-
lar to that reported in the literature, >® and shows two
distinct regions. At low temperatures the decrease is
quite gentle, and can be described by an apparent activa-
tion energy of only ~20 meV. On the other hand, at
higher temperatures, a more dramatic decrease in the PL
intensity is observed. This process is characterized by an
apparent activation energy of ~ 150 meV and is responsi-
ble for the large thermal quenching of the Er lumines-
cence in Si. In fact, no room-temperature luminescence
is observed from this sample.

The temperature dependence of the O-doped sample
also shows two distinct regions with apparent activation
energies of ~20 and ~150 meV. However, the process
responsible for the high-temperature quenching is clearly
less efficient in this sample, and starts dominating at
higher temperatures with respect to the undoped sample.
Therefore, in spite of the fact that at 77 K the lumines-
cence intensity is almost similar in the two cases, for
higher temperatures, a much higher intensity is observed
for the O-doped sample than for the undoped one. In
fact, room-temperature luminescence is observed in this
sample. This is shown in Fig. 2(a), where the PL spectra
are shown for two different pump powers. It is interest-
ing to note that the yield does not saturate with increas-
ing pump power.

Photoluminescence excitation spectroscopy has been
performed on the O-doped sample using six different lines
from the Ar™ laser in the wavelength range 476.5-514.5
nm. It has been found that the PL intensity is indepen-
dent of pump wavelength within 10%. This indicates
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FIG. 2. Room-temperature photoluminescence (a) and elec-
troluminescence (b) spectra for the O-doped sample.
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that Er is excited not by direct absorption but by a
photocarrier-mediated process. Further evidence for this
electrical excitation is provided by the fact that room-
temperature electroluminescence (EL) also can be ob-
tained from this sample when Er and O codoping is real-
ized in the active region of a p*-n diode. Our room-
temperature EL spectra are shown in Fig. 2(b) for two
different currents through the device. EL of Er in Si has
been reported previously up to 230 K,? and only very re-
cently a report was made for room-temperature EL.'
The achievement of room-temperature EL therefore
demonstrates that the fabrication of Er-doped layers by
solid-phase epitaxy and oxygen codoping is a very
promising approach.

PL time-decay measurements provide important infor-
mation about the processes leading to quenching lumines-
cence. We have therefore measured the time decay of the
PL intensity at 1.538 ym in both O-doped and undoped
samples at different temperatures. The results are shown
in Fig. 3 for the O-doped sample and for a fixed pump
power of 200 mW. The PL intensities are normalized to
the initial value after the pump pulse was shut off at t=0.
At each temperature the time decay is characterized by
an initial fast decay (7~ 100 usec) followed by a slow de-
cay (7~900 usec). As the temperature is increased the
contribution of the fast-decay component increases in
magnitude. Eventually at 180 K the PL decay is nearly
entirely determined by the fast component.

Previous studies’ have shown that the dependence of
the PL intensity on the pump power at a fixed tempera-
ture provides important information about the Er excita-
tion process. Here we have also performed PL intensity
measurements in combination with time-decay measure-
ments also as a function of pump power. As an example,
in Fig. 4 the PL decay for the O-doped sample is shown
at a fixed temperature of 77 K and at different pump
powers. All decay curves are normalized to the intensity
at t=0. Again, the decay curves are characterized by fast
and slow components. Interestingly, the time evolution
of the PL intensity, after the excitation pulse is turned

Normalized PL Intensity

Time (ms)

FIG. 3. Time decay of the 1.54-um luminescence in the O-
doped sample at different temperatures. Data are taken after
shutting off a 200-mW pump pulse and are normalized to the in-
itial value.
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FIG. 4. Time decay of the 1.54-um luminescence in the O-
doped sample after excitation using different pump powers.
Data are taken at a constant temperature of 77 K and are nor-
malized to the initial value.

off, is strongly dependent on pump power, and the fast-
decay component dominates at high pump powers.

The time-decay data for the undoped sample (not
shown) present similar features to those reported above
as a function of both temperature and pump power.

All the time-decay curves can be fitted by the sum of
two exponentially decaying components. This suggests
that two different classes of Er’" ions, having different
nonradiative decay routes, are present in both samples.
Under this assumption, it is possible to obtain from the
fits the relative amounts and the lifetimes of the excited
Er atoms belonging to the two classes under the different
conditions of temperature and pump power.

We first discuss the decomposition of the pump power
dependence data. At a fixed temperature, the fits of the
time-decay data (see Fig. 4) give constant lifetimes for the
two decay components regardless of the pump power,
with only the relative intensities changing with power.
This further supports the idea of the existence of two
classes of Er ions with different decay routes. In Fig. 5
the PL intensity at 77 K is shown as a function of the
pump power. The total intensity is reported together
with the intensities of the fast- and slow-decay com-
ponents as obtained from the decomposition of the exper-
imental time-decay curves into the two classes. Data are
shown for both undoped [Fig. 5(a)] and O-doped [Fig.
5(b)] samples. The total intensity shows a sublinear in-
crease with pump power, as reported before.” A decom-
position of the total yield demonstrates that in the un-
doped layers both slow- and fast-decay components satu-
rate as the power is increased. In contrast, in the O-
doped sample only the slow-decay component saturates,
while the fast component increases linearly with pump
power. These data suggest that the two different lumines-
cent Er configurations exist at different concentrations in
each sample. The one having a long lifetime is present in
both samples in a very limited amount, and its excited-
state population is already saturated at low pump powers.
The other one, with a small lifetime, is also present in
limited quantity in the undoped layers (where it also satu-
rates). In the O-doped sample, instead, its amount is
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FIG. 5. PL intensity as a function of pump power for the un-
doped (a) and O-doped (b) samples at a temperature of 77 K.
The total intensity (triangles) and the fast- (circles) and slow-
decay (squares) components, as obtained from an analysis of the
time-decay data, are shown.

greatly increased and hence the PL intensity originating
from this center continuously increases with increasing
pump power.

The temperature dependence data of the PL intensity
in Fig. 1 has also been decomposed into two different
components by analyzing the time-decay curves at
different temperatures. The results of this analysis are
shown in Fig. 6(a) for both undoped (closed symbols) and
O-doped samples (open symbols). As a comparison the
temperature dependence of the lifetime for both samples
and for the two different components is reported in Fig.
6(b). The PL intensity of the slow-decaying component
[circles in Fig. 6(a)] strongly decreases with increasing
temperature in a similar fashion for both samples. For
instance, on increasing the temperature from 77 to 200 K
the intensity decreases by nearly two orders of magni-
tude. Also, the lifetime of the slow-decay component
[circles in Fig. 6(b)] is identical in both samples, but its
decrease on going from 77 to 200 K is only by a factor of
3 (from 900 to 300 usec). The strong decrease in intensity
shown in Fig. 6(a) for the slow component, therefore,
cannot be explained by a change in the lifetime.

The PL intensity of the fast-decaying component [tri-
angles in Fig. 6(a)] also decreases with increasing temper-
ature. However, its decrease is more gentle and, in con-
trast to the slow-decay component, is different for the
two samples. In fact, while in the undoped sample the
yield decreases by about a factor of 8 on going from 77 to
200 K, in the O-doped one the decrease is only by a fac-
tor of 3. The lifetime of the fast-decaying component [see
Fig. 6(b)], in agreement with the intensity data, changes
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FIG. 6. Temperature dependence of the PL intensity (a) and
the lifetime (b) for both the slow (circles) and fast (triangles) de-
cay components. Data are shown for both the undoped (closed
symbols) and O-doped (open symbols) samples.

more rapidly in the undoped sample than in the O doped.
In fact, while this lifetime is a factor of 2 higher in the
undoped sample at 77 K, at 180 K the lifetimes of the
two samples are equal (40 usec). This suggests that some
correlation might exist between the temperature depen-
dence of the intensity and of the lifetime for this com-
ponent.

These data have several implications for our under-
standing of the mechanisms of Er luminescence in Si. A
more detailed analysis, and a plausible excitation and
deexcitation scenario, are reported in Sec. IV.

IV. DISCUSSION

On the basis of the experimental data reported so far,
the following picture can be proposed. Two different
classes of optically active Er’™ sites exist in Si. One of
these is present in limited amount and decays with a long
lifetime (~1 msec). When the temperature is increased,
the contribution of this site vanishes.

The other optically active Er** site decays with a fast
process ( ~ 100 usec), and its concentration can be largely
increased by the presence of O. Since O also enhances
the Er donor behavior,”!? it seems plausible that this
fast-decaying center is associated with a donor level in
the Si band gap. When temperature is increased, quench-
ing also occurs for this class. In particular, since at tem-
peratures above 150 K the total PL intensity is dominat-
ed by this fast component [see Fig. 6(a)], the quenching
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process with an activation energy of 0.15 eV (see Fig. 1)
has to be attributed to phenomena occurring at this fast-
decaying center.

The question arises: what is the process that quenches
the luminescence at high temperatures? In order to
answer this question, the processes determining the
luminescence yield should be analyzed in more detail.
The luminescence intensity I of Er in Si is, in general,
given by

IOCNErWrad ’ (Y

where N, is the number of excited Er atoms, and W 4 is
the spontaneous emission rate. N, is determined by ex-
citation and deexcitation processes. If the number of ex-
citable Er atoms N, is large (or the pump power is low),
and assuming that recombination at Er is the main car-
rier recombination route, then

N e Vi
dt Td

(2)

with R the carrier generation rate, which is proportional
to the pump power, K the total probability of excitation
(through electron-hole-mediated processes), and 7, the
deexcitation lifetime accounting for both radiative and
nonradiative processes. In steady state, dNg, /dt=0, so
that

Ni =KR7, . (3)

If, on the other hand, Ng, is small (or the pump power is
large), all of the excitable atoms will be excited, so that

N& ~Ng, . @

Therefore, for a fixed pump power, if Ng, is large, the PL
intensity is controlled by the lifetime, while if N, is
small the PL intensity is limited by the density of optical-
ly active sites.

The PL intensity for the slow component is always sa-
turated at pump powers of ~200 mW at all temperatures
explored and for both the undoped and O-doped samples.
This implies that all of the excitable Er atoms belonging
to this component are excited. Therefore, according to
Egs. (4) and (1), the strong decrease in the PL intensity
for this component [data in Fig. 6(a)] cannot be caused by
a reduction in lifetime, but it has to be associated with a
decrease in the concentration of excitable Er centers
(neglecting a temperature dependence of W ,4). We can
speculate that the slow-decaying site is a very shallow
donor, and soon ionizes when the temperature is in-
creased. If excitation occurs, as previously proposed,’
through the nonradiative recombination of an exciton
bound to a neutral Er donor, ionization will inhibit the
excitation of this site, as observed experimentally.

A similar argument can be made for the fast-decaying
centers in the undoped sample, since these sites are also
all excited at pump powers of ~200 mW. Therefore the
temperature quenching of this component also has to be
attributed to a reduction in the number of excitable
centers. Since at temperatures > 150 K only the fast-
decaying centers are present, this reduction is responsible
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for the three orders of magnitude temperature quenching
observed for the undoped sample, and typically reported
in literature.>® Once more, we speculate that this de-
crease might be associated with the ionization of the opti-
cally active sites.

A different picture emerges for the fast-decaying class
in the O-doped sample. In this case we have observed
that the pump power dependence is always linear at all
temperatures investigated, demonstrating that only a
fraction of the excitable atoms are excited. According to
Egs. (3) and (1), the temperature quenching of the
luminescence is not associated with the reduction in the
number of excitable atoms (since enough excitable centers
are present even at room temperature) but is due to a
reduction in the decay lifetime 7,. Indeed in the temper-
ature range measured, the fast-decay lifetime and the rel-
ative PL intensity have an identical temperature depen-
dence (in the O-doped sample). This is particularly clear
when these two quantities are compared on the same plot
and on a linear scale, as in Fig. 7. Due to the time resolu-
tion of our system, we have no measurements at tempera-
tures higher than 200 K, but it seems plausible that this
correlation continues to hold at higher temperatures.

A temperature quenching in the luminescence resulting
from a decrease in the lifetime is not unique for Er in Si,
but has also been reported, for instance, for Yb in
InP.'*1 In that system it has been proposed'®!° that
quenching is due to a back-transfer process of the energy.
We think that these two systems present several similari-
ties, and that the quenching mechanism also might be
similar. This process can be explained schematically as
follows. It is known from deep-level transient spectrosco-
py measurements*2° that Er introduces several levels, one
of which lies at ~0.15 eV below the conduction band.*?°
An exciton can be bound to this level and excite the Er’™"
ion by a nonradiative energy transfer.®?! The energy of
the excited Er (0.8 eV) can be transferred back by excit-
ing an electron from the Si valence band to this donor
level. To do that, extra energy of 0.15 eV is required.
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FIG. 7. Temperature dependence of the lifetime (circles) and
of the PL intensity (triangles) of the fast decaying component.
Data refer to the O-doped sample.

S. COFFA, G. FRANZO, F. PRIOLO, A. POLMAN, AND R. SERNA 49

This energy is equal to the experimentally observed ac-
tivation energy of the quenching.

A few more comments should be made. An estimate of
the number of emitting centers can be made by compar-
ing the PL intensity in our samples with that of an Er-
doped SiO, sample measured under the same experimen-
tal conditions. The SiO, sample was implanted at an Er
fluence of 1X10'*/cm?, and the measurements were per-
formed at a pump power of 500 mW. The measured PL
intensity, both for Er-doped Si and for Er-doped SiO,, is
in general given by

I zyntNErWrad (5)

v being a constant taking into account all parameters re-
lated to the photoluminescence apparatus (transmission
through the monochromator, detection efficiency, etc.)
used, and 7, the fraction of emitted photons that are col-
lected in the apparatus. By comparing the PL intensities
in the two samples (and taking into account that y is a
constant dependent only on the experimental setup) the
number of excited atoms in the Si sample (N g,(Si)) can be
derived as

Sio, .
e e I(SD) M " We(8i0y) o
NE. (Si) 1(Si0,) 75 W,u(SD) NE (SiO,) . (6)
The ratio nfloz /7> can be calculated taking into account
that, due to the different refractive indexes in Si and SiO,,
for a constant solid angle of collection a different solid
angle of emission is explored inside the sample. In Eq. (6)
the intensities are experimenstglly measured under identi-
cal conditions, the ratio %, 2/7% is calculated as ex-
plained above, the radiative lifetimes are assumed to be 1
and 15 msec for Er in Si and in SiO,, respectively, and
N£.(8i0,) is estimated from the following expression:

NE (8i0,)=Ng, 0 ¢y )

o being the cross section for the direct excitation of Er in
SiO, that, according to the literature, we assume to be
~8X 1072 ¢cm?%,?2 and ¢, the incident photon flux. Ac-
cording to this calculation, we find that in the undoped
layer at 77 K and in the saturation region [see Fig. 5(a)]
the areal density of excited Er atoms is ~4X102/cm?.
This is a very small number when compared with the to-
tal amount of incorporated Er (~10"/cm?). It is in-
teresting to note that the areal density of excited Er
atoms is similar to that of the electrically active dose as
measured by spreading resistance (~5X10'?/cm?).
Though this argument is still controversial,*!*?° this ob-
servation strengthens the suggestion that only electrically
active Er is excitable.

In the O-doped sample at 77 K and 500 mW, the areal
density of excited Er atoms is 8X10'?/cm?, of which
2.1X10'?/cm? belongs to the slow-decaying component,
and 5.9X10'?/cm? to the fast-decaying component.
Since the yield of the fast-decaying component in this
sample never saturates for all the pump powers explored,
this last number represents only a fraction of the total
number of the excitable centers.

Therefore, O codoping produces an increase in the
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number of optically active sites larger than the factor of 3
observed experimentally at 77 K and at a pump power of
500 mW [see Fig. 5(b)]. The exact number of active sites
in the O-doped sample cannot be estimated since the
pumping efficiency does not allow us to reach saturation,
but it is expected to be quite large on the basis of the pos-
sible correlation between optical activity and donor
behavior. In fact, an electrically active dose of
1 X 10"/cm? is obtained by spreading resistance measure-
ments on this sample.

The results reported so far demonstrate that the role of
impurities on Er luminescence cannot be explored fully
by only comparing the luminescence intensity at a fixed
temperature and pump power. In fact, as shown, the cru-
cial role of oxygen only emerges when the temperature
dependence is measured and the pump power dependence
taken into account. The data clearly indicate that the
major limitation to the achievement of intense room-
temperature luminescence is not the limited number of
excitable sites. Indeed, codoping with O produces a large
increase in the number of excitable sites. On the other
hand, nonradiative deexcitation processes are now limit-
ing the pumping efficiency and maintaining the number
of excited Er atoms at a low level. Most future work will
be aimed at reducing or inhibiting the nonradiative pro-
cess which dominates above 150 K, to enhancing the
efficiency of pumping in order to excite all of the optical-
ly active sites, and/or to controlling the radiative emis-
sion processes as recently done for Er in SiO,. 2324

V. CONCLUSIONS

In conclusion, we have investigated the temperature
dependence of the luminescence intensity and lifetime in
Er-doped crystalline Si. We have shown that the dramat-
ic decrease in PL intensity with increasing temperature is
noticeably reduced in the presence of O codoping, and
that this permits the observation of both photolumines-
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cence and electroluminescence at room temperature.
Lifetime measurements have proved the existence of two
classes of optically active Er sites having slow ( ~ 1 msec)
and fast (~ 100 usec) decaying times at 77 K. Lumines-
cence at temperatures above 150 K is given solely by the
fast-decaying centers, and is limited by two major factors.
The first is a reduction in the number of excitable Er
atoms with increasing temperature. This phenomenon
might be correlated with the ionization of the Er donor
levels, and is the limiting factor in samples having small
concentrations of optically active Er. The second is a de-
crease in the lifetime as a result of nonradiative relaxa-
tion of excited Er. This effect dominates when the num-
ber of excitable Er atoms is sufficiently high (as in O-
doped samples). Therefore, the limiting step to the
achievement of intense room-temperature luminescence
from Er in Si is not the small number of the optically ac-
tive Er atoms but the reduction of the nonradiative pro-
cesses which are dominant above 150 K, as well as the
efficient pumping of all excitable Er sites.

ACKNOWLEDGMENTS

We wish to thank E. Rimini and F. W. Saris for several
useful discussions. Thanks are also due to G. N. van den
Hoven and E. Snoeks (FOM) for interesting comments
and helpful assistance, and to A. Marino and A. Spada
(Catania) for expert technical assistance. Part of the ex-
periments reported in this paper have been performed
with the facilities of the CNR-IMETEM Laboratory in
Catania. This work has been partially supported by
GNSM-CNR. Work at the FOM Institute is part of the
research program of the foundation for Fundamental
Research on Matter (FOM), and was made possible by
financial support from the Dutch organization for the
Advancement of Research (NWO), the Foundation for
Technical Research (STW), and the IC Technology Pro-
gram (IOP Electro-optics) of the Ministry of Economic
Affairs.

IH. Ennen, J. Schneider, G. Pomrenke, and A. Axmann, Appl.
Phys. Lett. 43, 943 (1983).

2H. Ennen, G. Pomrenke, A. Axmann, W. Haydl, and J.
Schneider, Appl. Phys. Lett. 46, 381 (1985).

3). Michel, J. L. Benton, R. I. Ferrante, D. C. Jacobson, D. J.
Eaglesham, E. A. Fitzgerald, Y. H. Xie, J. M. Poate, and L.
C. Kimerling, J. Appl. Phys. 70, 2672 (1991).

4J. L. Benton, J. Michel, L. C. Kimerling, D. C. Jacobson, Y. H.
Xie, D. C. Eaglesham, E. A. Fitzgerald, and J. M. Poate, J.
Appl. Phys. 70, 2667 (1991).

5Y. H. Xie, E. A. Fitzgerald, and Y. J. Mii, J. Appl. Phys. 70,
3223 (1991).

SA. Polman, J. S. Custer, E. Snoeks, and G. N. van den Hoven,
Nucl. Instrum. Methods B 80/81, 653 (1993).

7S. Schmitt-Rink, C. M. Varna, and A. F. J. Levi, Phys. Rev.
Lett. 66, 2782 (1991).

8A. Polman, J. S. Custer, E. Snoeks, and G. N. van den Hoven,
Appl. Phys. Lett. 62, 507 (1993).

9S. Coffa, F. Priolo, G. Franzo, V. Bellani, A. Carnera, and C.
Spinella, Phys. Rev. B 48, 11 782 (1993).

10D, C. Adler, D. C. Jacobson, D. J. Eaglesham, M. A. Marcus,
J. L. Benton, J. M. Poate, and P. H. Citrin, Appl. Phys. Lett.
61, 2181 (1992).

1P, N. Favennec, H. L’Haridon, D. Moutonnet, M. Salvi, and
M. Gauneau, Jpn. J. Appl. Phys. 29, L521 (1990).

12F, Priolo, S. Coffa, G. Franzd, C. Spinella, A. Carnera, and V.
Bellani, J. Appl. Phys. 74, 4936 (1993). '

138, Coffa, F. Priolo, G. Franzo, V. Bellani, A. Carnera, and C.
Spinella, in Rare Earth Doped Semiconductors, edited by G. S.
Pomrenke, P. B. Klein, and D. W. Langer, MRS Symposia
Proceedings No. 301 (Materials Research Society, Pittsburgh,
1993), p. 125.

14A . Polman, J. S. Custer, and R. Serna (unpublished).

155, S. Custer, A. Polman, and H. M. van Pinxteren, J. Appl.
Phys. 75, 2809 (1994).

165, Lombardo, S. U. Campisano, G. N. van den Hoven, A. Cac-
ciato, and A. Polman, Appl. Phys. Lett. 63, 1942 (1993).

I7F. Y. G. Ren, J. Michel, Q. Sun-Paduano, B. Zheng, H. Kita-
gawa, D. C. Jacobson, J. M. Poate and L. C. Kimerling, in
Rare Earth Doped Semiconductors (Ref. 13), p. 87.



16 320

18A . Taguchi, H. Nakagome, and K. Takahei, J. Appl. Phys. 70,
5604 (1991).

19A. Taguchi, M. Taniguchi, and K. Takahei, Appl. Phys. Lett.
60, 965 (1992).

205, L. Benton, D. J. Eaglesham, M. Almonte, P. H. Citrin, M.
A. Marcus, D. L. Adler, D. C. Jacobson, and J. M. Poate, in
Rare Earth Doped Semiconductors (Ref. 13), p. 119.

21p, T. Landsberg, in Handbook on Semiconductors, edited by T.
S. Moss (North-Holland, Amsterdam, 1982), Vol. 1, p. 359.

S. COFFA, G. FRANZO, F. PRIOLO, A. POLMAN, AND R. SERNA 49

22K. Takahei and A. Taguchi, Mater. Sci. Forum 83-87, 641
(1992).

23E. F. Schubert, A. M. Vredenberg, N. E. Hunt, Y. H. Wong,
P. C. Becker, J. M. Poate, D. C. Jacobson, L. C. Feldman,
and G. J. Zydzik, Appl. Phys. Lett. 61, 1381 (1992).

24A. M. Vredenberg, N. E. J. Hunt, E. F. Schubert, D. C. Jacob-
son, J. M. Poate, and G. J. Zydzik, Phys. Rev. Lett. 71, 517
(1993).



