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We have studied the effect of erbium-impurity interactions on the 1.54 xm luminescence of Er?t in
crystalline Si. Float-zone and Czochralski-grown (100) oriented Si wafers were implanted with Er
at a total dose of ~1X10%/cm? Some samples were also coimplanted with O, C, and F to realize
uniform concentrations (up to 10%/cm®) of these impurities in the Er-doped region. Samples were
analyzed by photoluminescence spectroscopy (PL) and electron paramagnetic resonance (EPR).
Deep-level transient spectroscopy (DLTS) was also performed on p-#n diodes implanted with Er at
a dose of 6X10'/cm?® and codoped with impurities at a constant concentration of 1x10%/cm®. 1t
was found that impurity codoping reduces the temperature quenching of the PL yield and that this
reduction is more marked when the impurity concentration is increased. An EPR spectrum of sharp,
anisotropic, lines is obtained for the sample codoped with 10% O/cm® but no clear EPR signal is
observed without this codoping. The spectrum for the magnetic field B parallel to the [ 100] direction
is similar to that expected for Er** in an approximately octahedral crystal field. DLTS analyses
confirmed the formation of new Er** sites in the presence of the codoping impurities. In particular,
a reduction in the density of the deepest levels has been observed and an impurity + Er-related level
at ~0.15 eV below the conduction band has been identified. This level is present in Er+O-, Er+F-,
and Er+C-doped Si samples while it is not observed in samples solely doped with Er or with the
codoping impurity only. We suggest that this new level causes efficient excitation of Er through the
recombination of e-A pairs bound to this level. Temperature quenching is ascribed to the
thermalization of bound electrons to the conduction band. We show that the attainment of
well-defined impurity-related luminescent Er centers is responsible for both the luminescence
enhancement at low temperatures and for the reduction of the temperature quenching of the
luminescence. A quantitative model for the excitation and deexcitation processes of Er in Si is also
proposed and shows good agreement with the experimental results. © 1995 American Institute of
Physics.

I. INTRODUCTION

Erbium doping of crystalline and amorphous silicon has
recently attracted enormous interest in view of its potential
application in silicon-based optoelectronics.?? Erbium is a
rare earth that, in its trivalent charge state, can emit photons
at 1.54 pum due to an intra 4f shell transition between the
*I,3/, and the *I5/, levels. This emission is particularly at-
tractive since its wavelength falls inside a window of maxi-
mum transmission for silica optical fibers. The introduction
of Er in Si then makes it possible to couple the optical prop-
erties of Er* " with the well-established Si technology. It has
been shown' that sharp 1.54 um photoluminescence (PL)
can be observed from Er in Si and that this arises from the
excitation of Er'* achieved through electron-hole mediated
processes. Electroluminescence was also observed in 1985 in
an Er-doped Si diode at 77 K.2 However, in spite of these
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promising results, the attainment of room-temperature (RT)
photo- and electroluminescence (EL) has for a long time
been hampered by the effect of a strong temperature quench-
ing. Therefore the Er:Si system has not been considered suit-
able for optoelectronic applications.

Very recently a renewed interest in Er in Si has been
stimulated by the observation that a proper engineering of
the Er site in crystalline silicon permits the observation of
sharp PL3&141517 and BL!U-13 even at RT. It has been
noticed®® that a crucial role in the process is played by the
introduction of impurities dispersed in the crystalline Si lat-
tice. In fact, codoping with impurities such as C, F, O, and N,
at concentrations of ~10'%/cm® produces an enhancement of
the PL yield at low temperatures. Moreover, as we have
shown,® the incorporation of higher O concentrations (up
to 102°/cm3) produces several other, mterestmg effects. First
of all, the strong Er-O interaction allows the incorporation of
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a high Er concentration in Si.5° Second, in the presence of O,
the temperature quenching of the 1.54 um luminescence is
strongly reduced.® These phenomena are probably associated
with a modification in the erbium configuration in presence
of the impurity. In fact, extended x-ray-absorption fine struc-
ture (EXAFS) analyses* have shown that Er in Czochralski
(Cz) Si (which contains ~10'® O/cm®) is coordinated with 6
oxygen atoms, while in float-zone (FZ) Si (containing ~10'6
O/cm?®) its coordination is with 12 Si atoms. Moreover
spreading resistance analyses’ showed that by increasing the
O concentration the fraction of donors associated with Er
centers increases by several orders of magnitude.

In the preceding article'® we have demonstrated that the
electronic configuration of the Er:Si system is dramatically
modified when oxygen is added. In particular an Er-related
level lying 0.15 eV below the conduction band is seen to
form as a result of the Er-O interaction. This level might play
a key role in the energy transfer between the electronic sys-
tem of the silicon matrix and the 4f shell of the Er ion. The
aim of the present article is to study and compare the effects
of the Er-impurity interaction in Si for several different im-
purities (O,C,F). In particular, the temperature quenching of
the luminescence, the line shape of the luminescence peak
around 1.54 um, the levels introduced in the Si band gap,
and the electron paramagnetic resonance signature are inves-
tigated in detail. An analysis of these data allowed us to
clarify the role of impurities on the excitation processes of
Er** in silicon.

li. EXPERIMENT

The erbium-impurity interaction in crystalline silicon is
studied in the case-of O, C, and F by using PL. measurements,
electron paramagnetic resonance (EPR), and deep-level tran-
sient spectroscopy (DLTS). Several sets of samples have
been prepared in order to have a constant amount of Er in all
of the samples together with (i) a constant concentration of
different impurities (C,0,F), (ii) a different concentration of
the same impurity (O), (iii) no intentionally coimplanted im-
purity. Samples for PL analyses have been prepared accord-
ing to the procedure described below. Wafers of n-type FZ
(~250 © cm) and Cz (~2  cm) Si, (100) oriented, were
implanted with Er at 77 K using different ion energies. The
total Er fluence was 10**/cm?. In addition to Er, some of the
FZ samples were coimplanted with oxygen or fluorine at
different energies in order to produce an almost constant im-
purity concentration of 1X10?%cm® in the Er-doped region.
These samples will be hereafter referred to as O doped and F
doped, respectively. Alternatively, in some of the Er-doped
FZ samples O was introduced at a lower concentration
(3% 10'%/cm®) in order to study the effect of different O con-
tents. All of these implants produced a continuous amor-
phous layer. Therefore, after implantation, the samples were
annealed at 620 °C for 3 h in order to induce the epitaxial
recrystallization of the amorphous layer. Subsequently an ad-
ditional annealing in a rapid thermal furnace under N, flux at
900 °C for 30 s was performed to activate the implanted Er.
With this technique we have been able to incorporate Er in
good quality crystalline Si with different impurity contents. .
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In the case of carbon, the technique described above
does not work since the epitaxial regrowth is impeded by
interfacial instabilities and the interface breaks up with the
formation of a twinned material. Therefore we have tried a
different approach to incorporate Er (10'*/cm?) and C (a con-
stant concentration of 10%/cm®) in a good quality single
crystal. Instead of amorphizing the samples, we have
avoided the amorphization by maintaining the samples at
300 °C during the implantation. After implantation the
samples were annealed at 900 °C for 30 s in a N, atmosphere
to activate the implanted Er. The beneficial role of C in
eliminating secondary defects?® helped in obtaining a good
quality single crystal in spite of the hot implants. In fact,
transmission electron microscopy (TEM) analyses demon-
strated that this sample is a good quality single crystal in
which only a few slip lines and dislocation loops are present.
This sample will hereafter be referred to as C doped.

PL spectroscopy was carried out using the 514.5 nm line
of an Ar" laser as a pump source. The pump beam was
focused to a 1 mm in diameter spot on the sample and was
mechanically chopped at 55 Hz. The PL signal was analyzed
with a spectrometer and detected with a liquid-nitrogen-
cooled Ge detector. Spectra were recorded using a lock-in
amplifier with the chopper frequency as a reference. Low
temperature measurements were performed using a liquid-
nitrogen-cooled cryostat with the samples kept in vacuum.

Two of the samples were also analyzed by electron para-
magnetic resonance (EPR). The measurements were made at
a microwave frequency of ~9.23 GHz and the samples were
cooled to ~5 K using a He gas flow cryostat.

(DLTS) measurements were performed on samples im-
planted with Er and codoped with O, C, or F. In order to
perform these measurements, we have fabricated p*-n junc-
tions in n-type doped epitaxial Si layers (7 Q cm, 22 um
thick) grown on Cz substrates. Er was implanted in these
samples at an energy of 5 MeV to a dose of 6X10'/cm?* so
that the Er profile is located in the n-type side of the junc-
tion. Multiple O, C, or F implants were performed in order to
produce an almost constant impurity concentration of
1X10'%/cm® in the Er-doped region. For comparison some
samples were not codoped with any additional impurity. Af-
ter implantation the samples were annealed at 900 °C for 30
s under N, flux. DLTS measurements were performed by
reverse biasing the diode at a voltage of 3 V in order to
include the Er profile in the depletion layer. A filling pulse of
I ms was used.

lIl. RESULTS AND DISCUSSION
A. Photoluminescence

Figure 1 reports the PL intensity at 1.54 um for Er in Si
containing different O concentrations (a) or different impu-
rities at a constant concentration of 1X10*%cm? (b), all as a
function of the reciprocal temperature. Data are taken at a
constant pump power of 200 mW of the Ar ion laser and
refer to samples doped with a constant Er dose of
1X10%/cm?. The data in Fig. 1(a) show that the Er PL yield
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FIG. 1. Photoluminescence intensity at 1.54 pum vs the reciprocal tempera-
ture for Er in Si containing (a) different oxygen concentrations; (b) different
impurities all at a concentration of 1x10%/cm®. The total Er dose is in all
cases ~1X10%%/cm?.

at 77 K strongly depends on O concentration. In particular,
the yield increases by almost one order of magnitude com-
paring the FZ sample (~10% Ofcm®) to the Cz sample
(~1018 O/cm®). On further increasing the O concentration,
the PL yield first increases (at 3X 10" O/cm®) and eventually
decreases. In fact, at 77 K the yield of a sample doped with
10?° O/cm® is almost identical to that measured in a Cz
sample. Therefore for a given Er concentration there seems
to exist an optimum O concentration in order to reach maxi-
mum PL intensity. This effect has been observed before by
Favennec ef al.’ in samples coimplanted with Er and O.
Since we used solid phase epitaxial regrowth for all of the
samples, the effect of different Er:O ratios is compared, in
our case, in samples having similar crystal quality, contrary
to the work by Favennec et al.. A more striking effect of the
O codoping is observed on the temperature quenching of the
PL. The lowest reduction in the PL yield between 77 and 300
K is observed in the samples intentionally doped with O at
10%/cm? (a factor of 30) and 3X10'%cm® (a factor of 90). In
fact, the two PL curves of these two samples merge in a
unique curve above 200 K and a clear RT PL is measured in
both samples. In contrast, the PL of Er in Cz-Si decreases
more rapidly (a factor of 300) and the PL signal is barely
visible at RT. Finally the PL of Er in FZ Si is even more
quenched and the signal already falls_below the detection
limit for temperatures above 180 K. These data demonstrate
that higher luminescence intensities at low temperatures not
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FIG. 2. Time decay of the photoluminescence intensity at 1.54 um for Er in
FZ Si, O-doped Si, C-doped Si, and F-doped Si. Data are taken at 77 K after
pumping to steady state at 200 mW and switching off the pumping beam at
t=0.

necessarily mean higher intensities also at RT. Indeed the
impurity effects on the temperature quenching are very rel-
evant and control RT luminescence. )

Similar features are observed in samples codoped with
different impurities [Fig. 1(b)]. In fact, the 77 K yield in all
of these samples is higher than that observed in FZ samples
[see Fig. 1(a)] and the quenching is reduced. Clearly, oxygen
is the most efficient species in reducing the temperature
quenching, but also F and C have a beneficial effect. In the
case of F, the PL intensity is reduced by a factor of ~150 on
going from 77 o 300 K and RT PL is still visible. It should
be noted that all the curves in Figs. 1(a) and 1(b), except that
for the FZ sample, exhibit two rather well-separated regimes.
Below ~150 K the PL slowly decreases as the temperature is
increased with an activation energy of ~20 meV. At higher
temperatures a quenching with an activation energy of ~0.15
eV sets in.

More information on the effect of impurities on the er-
bium luminescence in Si can be achieved from measure-
meants of the time decay of the luminescence. We have al-
ready shown® that, in O-doped samples, this decay is not
single exponential and consists of a fast decaying component
(~80 us) and a slow decaying component (~800 us). This
behavior has been attributed to the existence of at least two
different Er sites with different decay channels. Time-decay
measurements at 77 K are reported in Fig. 2 for a FZ sample
and for the samples codoped with different impurities. It is
interesting to note that in all the impurity-rich samples and
independent of the impurity type (O, C or F) the decay is not
single exponential and consists of a fast and a slow decaying
component. The time decay data for the Cz sample and for
the sample doped with 3x10" O/ecm?® (not shown) present
similar features. On the other hand the FZ sample exhibits an
almost single exponential decay characterized by a decay
time of ~700 us. Since this.last sample is certainly the one
with the lowest impurity content, this observation suggests
that the fast decaying component is associated with the pres-
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FIG. 3. Temperature dependence of the slow decaying component (~1 ms)
of the photoluminescence for Er-doped FZ, Cz, and impurity-doped Si. Data
are normalized to the photoluminescence yield of this component at 77 K.

ence of the impurities. All the time-decay curves can be fitted
by the sum of two exponentially decaying components. This
suggest that two different classes of Er** ions, having differ-
ent nonradiative decay routes, are present in these samples.
Under this assumption it is possible to decompose from the
fits the relative contribution of the fast and slow component.
Since decay-time measurements have been performed at dif-
ferent temperatures this decomposition can be repeated at
each temperature for the data in Fig. 1. The result of such an
exercise is reported in Fig. 3 and Fig. 4 and the data are
normalized, for clarity, to the PL intensity at 77 K. The data
of Fig. 3 demonstrate that the slow component, which repre-
sents about 80% of the total PL intensity in the FZ samples,
exhibits an identical quenching behavior in all of the samples
independent of the impurity type and concentration. Also the
absolute intensities in the different samples are equal within
a factor of 2. This component quenches very rapidly with
temperature and is no more observable above 200 K.

The quenching behavior of the fast component is radi-
cally different. In fact, as shown in Fig. 4, the intensity of
this component decreases very slowly below 150 K. At
higher temperatures a quenching with an activation energy of
0.15 eV is observed. The temperature at which this regime
sets in is, however, dependent on both impurity content [Fig.
4(a)] and codoping species [Fig. 4(b)].

The large effect of impurities in enhancing the contribu-
tion of the fast component to the total PL intensity suggests
that fast decaying light emission is a signature of Er sites in
an impurity-rich environment. On the other hand the data in
Fig. 3 suggest that there is always a luminescent Er** site
present in Si, independent of the impurity content, which is
characterized by a slow time decay. In FZ Si this is the
dominating luminescent site. In impurity-rich samples this
site is responsible for part of the low temperature lumines-
cence but plays no role as soon as the temperature is in-
creased above 200 K. Note that since the PL yield at tem-
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FIG. 4. Temperature dependence of the fast decaying component (~80 us)
of the photoluminescence for Er-doped Si samples with different O contents
(a) and with different impurities all at a concentration of 1X10%/cm® (b).
Data are normalized to the photoluminescence yield of this component at
77 K.

peratures above 200 K is solely given by the fast component,
the 0.15 eV quenching regime must be due to processes oc-
curring at the impurity-rich Er luminescent sites.

The time decay data can all be described by the exist-
ence of two different Er sites in crystalline silicon. In the
following we will give more evidence of the presence of
these sites by means of several analytical techniques.

B. High resolution photoluminescence

The fact that different environments are experienced by
Er in the different samples (FZ and impurity-rich samples)
can be proven by high resolution PL measurements. In fact,
the 1.54 um transition is dipole forbidden for the free Er ion
and, in a solid, it is allowed only because the crystal field
will produce a mixture of states with different parity. The
extent of the splitting and hence the position and relative
intensity of the emission lines will depend significantly on
the lattice location of the Er ions and on the chemical envi-
ronment around it. High resolution (1 nm) spectra taken at 77
K for the different samples are reported in Fig. 5 and clearly
show different spectral shapes. In fact the luminescence at
~1.54 pm consists of several peaks, all Er related. Both the
relative intensity and exact position of these peaks is strongly
dependent on the codoping species. This interesting effect
has been noticed before>’ and demonstrates that the chemi-
cal surrounding of the emitting Er** centers is different in
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FIG. 5. High resolution photoluminescence spectra at ~1.54 um for Er in Si
containing different impurities. The resolution of these measurements is 1
nm. Spectra were taken at 77 K using a pump beam of 500 mW.

the different samples. It should be noted that the line shape is
not only dependent on the codoping species, but also on its
concentration. In fact, we?® have demonstrated that, in the
case of oxygen, different O/Er concentration ratios produce
different line shapes, while identical O/Er ratios (also by
changing the absolute numbers by several orders of magni-
tude) produce similar line shapes. This is evidence that dif-
ferent emitting Er’™ sites do exist and that the specific con-
figuration depends on both codoping species and number of
codoping impurities per erbium atom.

C. EPR analyses

Information about the sites occupied by Er** can also be
obtained by EPR. Figure 6 shows the EPR spectrum, in the
field range 0.05-0.25 T, obtained for a sample of FZ Si
implanted with 1X10'> Er/fcm? and codoped with 1Xx10%
O/cm®; the magnetic field B was parallel to [100] and the
sample temperature was ~5 K. The most intense lines la-

beled 1, 2, 3, and 4 have peak to peak linewidths of 1.2, 1.9,

1.9, and 6.7 mT, respectively, and g values of 10.5, 6.2, and
6.0, and 2.7, respectively; in addition there are other weaker
sharp lines. No such spectrum was observed for a sample
implanted with 1X10" Er/cm? in FZ Si but not codoped
with O. Indeed in this latter case no sharp line was detected
in the same field range. The spectrum for the O codoped
sample exhibits a strong angular dependence as B is rotated
in the (110) plane: no line has an isotropic g value. Despite
the fact that we cannot detect the hyperfine lines arising form
the hyperfine interaction with the 22.8% abundant 57Er with
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FIG. 6. Electron paramagnetic resonance spectra of Er* in the O-doped
(10%%cm®) FZ sample which was implanted with 1X10**Er/cm®. The mag-
netic field B was parallel to the [100] direction and the spectra have been
taken at 5 K.

nuclear spin /=7/2, it is reasonable to suppose that the lines
are associated with Er ions. It is most likely that these Er
ions are in the 3+ charge state as the non-Kramers ion Er**
usually has a singlet ground state in a crystal field (at least no
resonance from Er*' has ever been detected). The main
question to be answered is what is the nature of the site or
sites occupied by Er**. In cubic symmetry the manifold of
states with J=15/2 is split into two doublets (I's and I';) and
three quartets {I'g); the doublets are each associated with
isotropic g values [of about (—) 6 and (+) 6.8, respectively]
but the Zeeman interaction of the I'g quartets is anisotropic.
Er’* jons in GaAs®™?% and (in site T) in ZnSe?” ‘occupy sites
of tetrahedral symmetry and have an isotropic resonance
with g~5.9 associated with one of the doublets. Although
lines 2 and 3 have g=6.2 and 6.0 for B parallel to the [100]
direction, the strong anisotropy of these lines rules out the
possibility that they arise from Er’* in Iy or T'; doublets.
Er** in ZnSe (site II)?” and in MgO? does occupy a Iy state
as a result of being in an octahedral field arising from an
octahedron of Se*” and O*>” neighbors, respectively. For B
parallel to the [100] direction the spectrum for ZnSe:Er**
(site IT) has lines at g=11.53, 5.596, 2.99, and 2.93 all of
which are anisotropic. It is tempting to suppose that the simi-
larity between this spectrum and the spectrum of lines 1-4
(Fig. 6) implies that these lines are also a signature of Er** in
a [y state arising from the field generated by an octahedron
of 0%~ neighbors. However, although similar, the spectrum is
certainly not exactly that expected for such a case. The cause
of this discrepancy, whether because (as must be the case for
the 1.54 wm light emission) the symmetry is not exactly
octahedral or for some other reason, will become clear once
the detailed analysis, currently underway, is completed. It is
interesting to note that a pseudo-octahedral, nonantisymmet-
ric, site was also suggested on the basis of EXAFS analysis
in CZ Si.* Finally we note that the other weaker lines in the
spectrum of Fig. 6 may arise from Er** in other different, but
well-defined sites.
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FIG. 7. DLTS spectra of Er in impurity-free, O-doped, C-doped, and
F-doped Si. Er was implanted at a dose of 6X10"/cm?®. The impurities were
all introduced at a concentration of 1X10'%cm® and the samples were an-
nealed at 900 °C for 30 s.

In summary, our EPR analyses demonstrate that, as a
result of the Fr-O interaction, new, well-defined Er’" sites
have formed.

D. DLTS analyses

The erbium-impurity interactions were also investigated
by DLTS analyses. In Fig. 7 we report the DLTS spectra in
the temperature range 77—-300 K for erbium in impurity-free,
O-doped, C-doped, and F-doped Si. Erbium was implanted at
a dose of 6X10"/cm? (corresponding to a peak concentration
of ~6X10"%/cm®) and uniform impurity concentrations at
1X10"%/cm® were realized. A subsequent thermal annealing
was performed at 900 °C for 30 s. In impurity-free Er-doped
epitaxial Si several DLTS peaks arise, corresponding to lev-
_ els in the Si band gap with energies E-— Er (Ey being the

energy of the trap level) of 0.51 eV (E,), 0.34 eV (E,),0.26
eV (E3), and 0.2 eV (E,). These levels are not due to the
implant damage and have been identified' as due to Er-
defect complexes. A dramatic change in the spectra is ob-
served when Er and one of the impurities are introduced
together in the sample. In all cases, (for O, C, and F) the
level structure is modified, demonstrating that a strong inter-
action between Er and the impurity is occurring. In particular
a reduction in the concentration of deep levels is observed
and a new peak around 100 K with an activation energy of
~0.15 eV is observed. This peak is not present in the spectra
of samples solely implanted with the impurity (O, C, F) and
is hence associated with Er-O, Er-F, and Er-C complexes. It
is tempting to consider the level at E-—0.15 eV as a signa-
ture of the fast decaying luminescent Er** centers which also
are only present in impurity-rich Si and which produce a
quenching of the luminescence with an activation energy of
exactly 0.15 eV. i
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E. Discussion

The data reported so far are of major importance in an
effort to understand the role of impurities on the Er 1.54 um
luminescence. A few observations are particularly important.
Luminescence at 1.54 pm requires Er ions in the 3+ charge
state and an efficient energy transfer from the electronic sys-
tem of the Si matrix to the 47 shell of the Er** ion. In
principle impurity doping might either increase the lumines-
cence Er’* population or favor the energy transfer between
the matrix and the Er** ion. Recent theoretical calculations
have shown? that for Er in Si the optically active 3+ state is
by far energetically more favored with respect to the opti-
cally inactive 2+ state. On the basis of these calculations we
believe that the major role of the impurities is to increase the
efficiency of the excitation process. The excitation mecha-
nism of Er't in Si has been investigated several
times.5?~3133 Theoretical calculations®! have demonstrated
that the probability that a band to band electron-hole recom-
bination transfers its energy to the 4f shell of Er*" is too
small to consider this mechanism plausible. On the other
hand, as soon as one of the carriers is localized at an Er-
related level, the probability of an Auger recombination ex-
citing the 4f-shell Er’* electrons increases by several orders
of magnitude.’! Our EPR and DLTS data clearly demonstrate
that in the presence of impurities new well-defined Er** sites
form and the bonding character of Er is strongly modified.
Indeed DLTS data show that the impurity effect is twofold.
First, the spectra clearly show the formation of a new Er-
impurity-related level at around 0.15 eV from the Si conduc-
tion band. This level is localized on the Er** ion and might
therefore represent a particularly efficient channel among the
site and the host. Second, as a result of the impurity-erbium
interaction, levels typically lying close to the middle of the
Si band gap are strongly reduced. This will of course in-
crease the carrier lifetime and reduce the number of electron-
hole recombinations not ending up with an erbium excitation
(with a beneficial effect on the 1.54 um luminescence). In
Sec. IV we will show that the modifications produced in the
Er configuration can quantitatively account for the impurity
effect on the PL yield at low temperatures and on the tem-
perature quenching of the PL.

IV. EXCITATION MECHANISM

It has been recently shown®>** by time resolved spec-
troscopy that after a short pumping laser pulse the excitation
of Er’" ions continues for times as long as 50 us at 4 K.
Since the excess carriers generated by the laser are expected
to have a lifetime much shorter than 50 us in Er-doped
samples, this interesting observation suggests that Er’* exci-
tation involves carriers localized at an Er-related level. The
excitation can for example occur through the recombination
of e-h complexes bound to this level. In this picture the 50
us are associated with the lifetime of these complexes. The
proposed excitation mechanism can be the one sketched in
Fig. 8. The gateway for the energy transfer is an Er-related
level. We assume that the level is a donor and becomes neu-
tral by capturing an electron. This level can still bind a hole
as a consequence of the large strain produced by the
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FIG. 8. Schematic picture of the excitation mechanism of Er** in Si.

impurity-Er complex. While the hole is trapped, recombina-
tion of the ¢-A complex with energy transfer to the Er ion
can occur. However, if the electron is thermalized to the
conduction band, the center becomes positively charged and
the Coulomb repulsion immediately produces the detrapping
of the hole. If thermalization occurs before the energy trans-
fer takes place, the effective excitation rate through this
mechanism will be severely reduced. The carrier thermaliza-
tion will become increasingly important when the tempera-
ture is increased [see Fig. 8(b)].

The intensity of the PL is proportional to the concenira-
tion of Er¥t ions which are excited, i.e.,

*
o W
Trad

with N¥ the concentration of excited erbium ions and 7,4 the
radiative lifetime. When most of the Er is not excited
(N¥, < Ng) the concentration of excited erbium ions is
given by '

dN§  ne NE :

P @

ir
where n, is the concentration of e-4 complexes, 7, is the
time required for energy transfer, and 7 the decay lifetime of
the Er luminescence. At steady state
nc

and hence the luminescence intensity will be given by

NE. Re T
Je =S —

@

Trad Tir Trad

The concentration 7. is determined by the following rate:
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di’lc

_d‘t‘—'Rc"RD“‘RE, (5)
where Rc= 0,04 Pf(Er)(Ng—nc) is the formation rate of
the complexes, with o, the cross section for hole capture, vy,
the hole thermal velocity, p the hole concentration, f(Er) the
probability that the level is occupied by an electron, and N,
the concentration of Er ions that introduce in the gap the
level Ey; Rp=e,n, is the dissociation rate of the com-
plexes, with e, the emission rate to the conduction band for
an electron localized at the center (it is assumed that ther-
malization of the electron to the conduction band is the lim-
iting step for e-h pair dissociation); Rp=nc/7, is the exci-
tation rate of the Er ion through the proposed mechanism.

Assuming that the excitation rate is negligible, the
steady state concentration of the complexes r ¢ is determined
by the equilibrium between the formation rate R and the
dissociation rate R and from Eq. (5) it follows:

_ owvef(E) Mg
vl EN e e ©
ol )

In general f(E;) will depend on temperature, pump power,
and on the energy location of E;. In the following we will
concentrate on the excitation process of the fast decaying
component of the impurity-rich samples which we assume to
occur through the Er-related level at 0.15 eV from the con-
duction band. This is in fact the component responsible for
the RT luminescence and for the temperature quenching of
the luminescence occurring above 200 K. In all the impurity-
rich samples we are considering the total donor concentra-
tion exceeds 10'"/cm>. Therefore, for the level at Ec—0.15
eV, f(Ep)=1 is a reasonable approximation at all tempera-
tures and pump powers. Hence the formation rate of the
complexes (R) is given by the hole capture rate (o,vmp)-
Substituting Eq. (6) in Eq. (4) we obtain

T N,
IOC'T T ——"’%—— (7)
rad ‘tr 1+ n
OpPUth

The hole concentration p=G 7, with G, the optical gen-
eration rate of e-A pairs and 7. the carrier lifetime. The
emission rate for an electron captured at the level has been
measured by DLTS and is described by e, = e,,oe‘ET/ kT,
with E;=0.15 eV and ¢, = o, velNc, where o, is the
capture cross section for the electron and N the effective
density of states at the bottom of the conduction band. Hence

T NEr

e TradTy 1 +e,,0e"'ET/kT/a’pGLchm
4 (82
=T 1Ln,-0.15 eVikT> \
[+Be OT5¢ ?
where
A T N, ' 8b
h TradTu; Ee ( )
and
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TABLE L. The values of the parameter B in Eq. (9) used to fit the data in
Fig. 4 are reported for the different samples.

Sample B (X10%)
1x10% Ofem? 1.5
3% 10" Ofcm® , 20
Cz 50
F doped 35
C doped 80
B=— (&)
= —, C
0'pU thGLTC

The intensity / might exhibit a complex temperature de-
pendence since both A and B might depend on temperature
through one or more of their factors. However, as a first
approximation, we can assume that the dominating contribu-
tion to the temperature quenching arises from the exponen-
tial term in the denominator of Eq. (8). At 77 K this expo-
nential term is small and hence the PL intensity at this
temperature (/7 ) is only given by the term A. Above 77 K
the normalized intensity /.., is then given by

1 1
Inorm=177 K= 1 +Be—0.15 eV/kT - (9)

Fits of Eq. (9) to the data in Fig. 4 are shown as solid
lines. It is evident that Eq. (9) has the right functional form
to describe the experimental results. In fact I, has a con-
stant value at low temperatures while at higher temperatures
it decreases with an activation energy of 0.15 eV. The tem-
perature at which this temperature quenching sets in depends
on the value of the prefactor B. A large value of B corre-
sponds to a large quenching. The B values for the fits in Fig.
4 are reported in Table I. From Table I it is evident that the
different quenching behavior for the various impurities and
for the different impurity concentrations is directly related to
differences in one or more of the factors present in B [see
Eq. (8c)]. Let us examine these factors in more detail. Since
we performed the measurements reported in Fig. 4 at a fixed
pump power, G is a constant. The capture cross section for
holes ( 0,,) and for electrons (o, , which enters in the expres-
sion of e,,o) to the level related to the Er-impurity complex

might be different for the different impurities. This can cer-
tainly cause a significant variation in the value of B for the
different impurities. Moreover the carrier lifetime 7. might
be different in samples codoped with different impurities.
This is expected since DLTS analyses (Fig. 7) show that
codoping with different impurities produces a different re-
duction in the concentration of the Er-related deep levels.
Since these deep levels are efficient recombination centers
for the carriers, a reduction of these levels would produce an
increase in the lifetime 7. The increase of 7, in tarn will
produce a reduction in the value of B, and hence a reduced
temperature quenching. It is interesting to note that the re-
duction of the concentration of the deep levels is more
marked in O-doped samples which also exhibit the minimum
temperature quenching in Fig. 4 (a factor of 30) and hence
the lowest B value in Table I. The smallest effect on the
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deep-level concentration is produced by C which, among the
impurity-rich samples, is also the one with the larger quench-
ing in Fig. 4 (a factor 200) and hence the highest B value in
Table I. The efficiency of fluorine in both reducing deep-
levels concentration and PL temperature quenching lies in
between that of O and C.

Finally, it should be noted that, from Eq. (8), a tempera-
ture dependence of the PL intensity can derive also from a
temperature dependeace in the term A. This can arise from a
temperature dependence in 7 (the decay lifetime) and 7, (the
transfer time). For example we have demonstrated® that in
O-doped samples, the slight temperature decrease of the fast
decaying component below 200 K is entirely due to a de-
crease of the decay lifetime due to efficient nonradiative de-
cay routes. Adding this contribution in Eq. (8) would allow
also to'explain the small reduction in the PL intensity of this
component at temperatures below 200 K.

“V. CONCLUSIONS

In conclusion, we have studied the Er-impurity interac-
tion and its effect on the 1.54 pum luminescence of Er in
crystalline Si. An enhancement of the low temperature Er PL
and a reduced temperature quenching have been observed in
samples codoped with O, C, or F at concentrations up to
10%%cm’. Time-decay measurements of the PL intensity, as
well as EPR and DLTS analyses demonstrated that, in the
presence of the impurity, new well-defined luminescent cen-
ters, consisting of Er ions in an impurity-rich environment
(Er-impurity complexes), are formed. The formation of these
sites results in the introduction of a level in the band gap at
0.15 eV below the conduction band and in the reduction of
the concentration of deepest levels. It is proposed that, in
impurity-rich samples, Er excitation occurs through the re-
combination of e-A complexes bound to the level at
Ec—0.15 eV. The attainment of these impurity-rich sites,
which can be pumped through this level, and the reduction of
the alternative recombination routes for the free carriers (due
to the reduction in the density of deep levels) are responsible
for the enhancement of low temperature PL and for the re-
duced temperature quenching in the presence of the impuri-
ties.
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