
PHYSICAL REVIEW B 68, 035213 ~2003!
Auger deexcitation of Er3¿ ions in crystalline Si optically induced by midinfrared illumination
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We report on the de-excitation of Er31 ions in crystalline silicon, induced by midinfrared radiation from a
free electron laser. The effect is interpreted as an Auger energy transfer between excited erbium ions and free
holes in the valence band. These are liberated from shallow traps by the powerful mid infrared laser beam. The
traps are dynamically populated during the initial band-to-band excitation. The efficiency of the proposed
de-excitation mechanism depends on the number of traps occupied at the moment when the free electron laser
pulse is applied. Therefore the quenching effect is sensitive to the total number of acceptor traps present in the
sample and the excitation density of the pump pulse. A competition between this de-excitation process and the
previously reported mid infrared-induced Er photoluminescence enhancement is investigated. The optically
induced Auger process, as revealed in this study, complements the description of energy transfer processes in
the Si:Er system under optical pumping.

DOI: 10.1103/PhysRevB.68.035213 PACS number~s!: 78.66.Db, 61.72.Tt, 41.60.Cr
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I. INTRODUCTION

In the last decade, intense research on silicon has b
done in order to allow light emission at room temperatu
One of the approaches to obtain light out of Si, which ha
rather small and indirect band gap, is based on de
engineering.1 Alternatively, rare earth~RE! doping is used.
RE ions are optically active and their atomic transitio
cover a wide spectral range. In particular, Er31 is potentially
attractive because the energyD f f 8 of the 4f -electron shell
transition from the first excited state to the ground st
4I 13/2→4I 15/2 falls into the interval of minimum losses o
silica-based optical fibers used in telecommunication line2

Recently, we have investigated energy transfers in differ
RE-doped semiconductors.3 In particular, the role of band
gap states in excitation and de-excitation mechanisms
Er31 ions in Si:Er has been studied by means of two-co
spectroscopy.4 While recombination of an electron-hole pa
at an Er-related level~recombination level in the band ga
directly linked to erbium! after band-to-band illumination is
responsible for Er31 excitation, other levels, not related t
erbium, are also involved in energy transfers. Nonequi
rium carriers generated during band-to-band excitation
trapped at defect/impurity levels can be ionized by a mid
frared ~MIR! radiation pulse from a free-electron las
~FEL!. Using two-color spectroscopy with a FEL we ha
found enhancement5 of Er31 photoluminescence~PL! for
temperatures not exceeding 50 K. We have studied this e
in detail6 for p-type crystalline Czochralski-grown S
samples with different Er concentrations. The microsco
nature of the MIR-induced PL enhancement has been m
elled theoretically7 and shown to reproduce satisfactorily th
experimental results. Our current investigation reveals t
while the enhancement effect is omnipresent for all inve
gated Si:Er materials, for some samples also quenchin
the Er-related PL occurs upon application of a MIR pul
We have found that the quenching effect is most pronoun
0163-1829/2003/68~3!/035213~7!/$20.00 68 0352
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under conditions of high band-to-band excitation power a
with the FEL pulse fired shortly after the primary pum
pulse.

In the current study we investigate the nature of the FE
induced quenching of Er-related PL. We measure the am
tude of the effect at various pumping densities, for differe
timing and power of the FEL pulse. Upon changing the e
perimental conditions, we observe a continuous transit
between PL quenching and the enhancement effect. We i
tify the observed PL quenching as being due to an Au
process of energy transfer between an excited state of
Er31 ion and a free carrier ionized into the band by MI
radiation. Based on the experimental results, we propose
cluding this de-excitation mechanism in order to genera
the recently developed model of energy transfers in the S
system.7

II. EXPERIMENTAL DETAILS

The experimental data for the present study were obtai
for a Si:Er sample prepared from Czochralski-grownp-type
silicon. Er ions were implanted with an energy of 300 keV
a dose of 331012 cm22. The concentration of erbium in th
implanted layer was around 531017 cm23. The sample was
coimplanted with oxygen ions with an energy of 40 keV to
dose of 331013 cm22. Oxygen codoping is known to in
crease the intensity of Er photoluminescence and to red
its thermal quenching. The implantation was followed
1000 °C annealing for 30 minutes. The two-color expe
ments with a free-electron laser were performed at
‘‘FELIX’’ users facility in Rijnhuizen ~The Netherlands! —
for a detailed description of the experimental set up see R
3. In this particular study, excitation densities of the FEL a
the Nd:YAG ~yttrium aluminum garnet! pump laser were ad
justed with internal attenuators and neutral density filte
respectively. A variable delay time between the two puls
was used.
©2003 The American Physical Society13-1
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III. EXPERIMENTAL RESULTS

In the current research, the spectrum, amplitude, and
namics of the PL due to transition from the first excited st
(4I 13/2) to the ground state (4I 15/2) of Er31 ions have been
investigated at a temperature ofT'5 K. The PL spectrum
obtained from the sample under Ar1 laser excitation is plot-
ted in Fig. 1. Only a broad peak centered at 1.54mm can be
observed here. It is interesting to notice that the identica
implanted sample annealed at a different temperature~see the
inset to Fig. 1 or Ref. 8,! shows a completely different spec
trum indicating a different microscopic structure of optica
active Er-related centers. In principle, microscopic inform
tion on the optically active Er center can be extracted from
detailed analysis of its PL spectrum. Indeed, it has b
shown that Er in crystalline Si can be present in a w
variety of centers.9 Unfortunately, in the present case the P
spectrum is very broad, most probably due to inhomogen
of the sample, and does not allow one to obtain informat
on the structure of relevant center/s. In Fig. 2 we show
dynamics of the 1.54-mm PL band, marked with an arrow i
Fig. 1. PL quenching can be observed upon application
FEL pulse (lFEL512 mm, variable power! fired with a de-
lay time of Dt5100 ms. After the FEL pulse, the PL inten
sity quenches with a time constant equal to the response
of the experimental set-up (t resp1'75 ms! and later decays
with the typical Er lifetime oftEr'1.5 ms. Using a faste
detector (t resp2'30 ms, not shown here!, the PL quenching
still follows the detector response time. We therefore c
clude that the quenching process is very fast. In orde
quantify the magnitude of PL quenching, we define t
quenching ratioQR of PL amplitudes as measured with an
without the FEL pulse:QR5AFEL /ANoFEL . Naturally, QR
51 when the FEL is not applied. While the quenching ra
QR is independent of a particular moment when the am
tudes are compared, in experimental practice we sho
avoid possible errors due to detector response. In partic

FIG. 1. PL spectrum of the Si:Er atT54.2 K excited with an
Ar 1 laser. PL dynamics have been studied forl51.537mm, as
marked by an arrow. In the inset, the PL spectrum of a similar S
sample prepared by identical~Er and O! implantation, but annealed
at a lower temperature, is shown for comparison.
03521
y-
e

y

-
a
n

e

ty
n
e

a

e

-
to
e

i-
ld
ar,

in Fig. 2 we showQR as measured att5900 ms. In the inset
to Fig. 2, the quenching ratio is plotted as a function of F
power. As can be seen,QR initially decreases with FEL
power ~the quenching effect increases!, and then saturates
We note that such a behavior is similar to that of the MI
induced enhancement of Er PL,7 thus indicating a possible
relation between these two effects.

In order to study the PL quenching further, it would b
interesting to investigate the effect as a function of the F
pulse duration. Unfortunately, this is not possible due to
perimental reasons. However, we can move the sh
Nd:YAG pump pulse (DtYAG'0.1 ns! within the duration of
the much longer FEL pulse (DtFEL'5 ms!. As can be seen
in Fig. 3, no quenching effect is observed when the F
pulse hits the sample earlier than the band-to-band exc
tion. This result rules out the possibility that PL quenchi
takes place as a result of lattice heating due to phonon g
eration, since thermal effects have relaxation times of m
seconds. In Fig. 3 the quenching effect (12QR) is plotted
versus delay time between the Nd:YAG pump pulse and
onset of the FEL pulse. It can be seen that the quench
effect grows linearly during the 5ms of the FEL pulse, with
a fairly smooth onset, and later it stops as the FEL pu
terminates. This is a clear indication that the Er PL quen
ing is related to the ‘‘effective duration’’ of the MIR illumi-
nation following the Nd:YAG pump pulse. Consequently, P
quenching appears to be proportional to the number of M
photons absorbed by excited Er31 ions.

Finally, an important result is given in Fig. 4 which show
the influence of the Nd:YAG power on the quenching effe
The experimental data represent the effect of a FEL pu
(lFEL512.5mm, delay time ofDt5500 ms! at four differ-
ent pump powers (P4 to P1). As can be seen, a transitio
from quenching to enhancement occurs as the pumping
sity is reduced. A similar transition can also be observ
under conditions of high Nd:YAG power, when the FEL d

r

FIG. 2. Dynamics of the Er PL quenching for high Nd:YAG
excitation density. The quenching effect is illustrated for a de
time of 100ms and at two energies of the FEL pulse~attenuations 0
and 8 dB!. In the inset, the quenching ratioQR is shown as a
function of the FEL pulse energy.
3-2
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lay time Dt is increased from; few ms to ; ms; see the
inset to Fig. 4.

IV. DISCUSSION

The experimental evidence presented in Sec. III sugg
that the PL quenching and the previously investigated M
induced Er PL enhancement are mutually linked, and pr
ably related to the same change of the matrix property
duced by the FEL pulse. We conclude that the energy tran
mechanisms activated under the influence of FEL illumi

FIG. 3. The quenching effect, defined as 12QR , as a function
of the delay time between the short Nd:YAG band-to-band exc
tion and the onset of the longer (;5 ms! FEL pulse. The solid line
is the numerical simulation based on Eqs.~5! and ~6!. In the inset,
concentration of free holes in the valence band during and afte
the ionization pulse of FEL is simulated from the proposed mod
See text for further explanation and for the parameters used in
simulation.

FIG. 4. Dynamics of the Er PL (l51.537, T54.2 K! for dif-
ferent Nd:YAG pump excitation density~P4 to P1!. The FEL pulse
is fired at the delay time oftFEL5500 ms. A transition from the
quenching to the enhancement is observed upon decreasin
Nd:YAG power.
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tion depend critically on the available number of excit
Er31 ions and carrier traps populated at the moment of
FEL pulse — both being determined by the Nd:YAG pul
energy and the timing of the FEL pulse.

In order to understand the phenomenon responsible
the Er PL quenching induced by MIR radiation, we exami
first de-excitation mechanisms identified for Si:Er. Here
can distinguish energy transfers between different erb
ions and between erbium ions and Si. In the later case, E31

de-excitation by phonon generation or Auger de-excitat
induced by free carriers are well known effects.

The exchange of energy between erbium ions in exc
states leads to up-conversion,10 which results in emission
quenching. An excited Er ion, de-excites nonradiatively
transferring the energy to another~neighbor! excited Er ion,
promoting it into a higher excited state. At this stage, o
excited Er31 ion is lost and PL will quench: instead of tw
excited ions with the probability to emit two photons, on
one remains. Relaxation from the higher excited state can
accomplished either by non-radiative transition to the fi
excited state (4I 13/2) from which emission at 1.5mm can
follow, or radiatively from higher lying states, e.g.,4I 9/2 or
4I 11/2. In this latter case, the relevant photon energy is lar
than the band gap of Si (EG51.17 eV! and the emitted pho-
ton will be absorbed by Si. However, for efficient up
conversion, the concentration of erbium has to be of the
der of ;431020 cm23, which is not the case here
Therefore up-conversion is not considered to be an impor
mechanism in our Si:Er system, and we resort to ene
transfers between Er31 ions and Si.

It is accepted that Er31 introduces a recombination leve
~of donor character! in the energy band gap of Si. This leve
is responsible for the energy transfer to the Er31 ion in the
excitation process. After band-to-band excitation, electr
are captured at this level and they recombine nonradiativ
~in an Auger process! with holes from the valence band. As
result, energy is transferred to the 4f -electron shell and Er31

ions attain the excited state. The Er-related level in the
can be interpreted as an intermediate step necessary fo
citation. It was suggested by theory,11 and later supported by
experimental work on thermal quenching of PL intensity a
lifetime of Er31 ions,12 that the Er-related level was situate
;150 meV below the bottom of the conduction band. It
generally considered that the main process preventing
tense emission from Si:Er at room temperature is an effic
non-radiative mechanism called ‘‘back-transfer.’’ In th
mechanism, Er31 deexcites and transfers its energy to bri
an electron from the valence band to the Er-related level
that way, the Er excitation mechanism is reversed. The
ergy mismatch of this process, (EG2150 meV2D f f 8)
.220 meV, can be provided by phonons generated at hig
temperatures. The microscopic model of the back-tran
mechanism was first proposed for InP:Yb~Ref. 13! and later
adopted for other RE-doped semiconductors, in particu
also for the Si:Er system.14 In order to investigate this promi
nent de-excitation mechanism, the FEL can conveniently
place the indiscriminate thermal activation. In the tempe
ture range of this study,T'5 K, practically no phonons are
available, and the energy necessary for activation of
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back-transfer can be provided optically with photons who
energies fall in the range of the energy mismatch. Inde
with two-color spectroscopy using MIR radiation, we ha
observed experimentally the back-transfer process
InP:Yb.15 Unfortunately, for Si:Er the maximum availabl
energy of the FEL-generated MIR photons is lower than
energy mismatch, (hy)max

FEL,220 meV, and optical activation
of the back-transfer is not to be expected.

Also dissociation of excitons bound to isoelectronic d
fects formed by Cu and Ag in a Si matrix has been repor
to take place under FEL illumination, leading to a quench
of the related PL bands.16 However, the decrease of th
Si:Er PL observed in the present study cannot be expla
exclusively by dissociation of excitons. The lifetime of a
exciton bound at the Er-related level is of the order
1 ms,17 and that of free excitons will not exceed few hu
dreds ofms; thus we could not expect quenching at a de
time of Dt5100 ms, as seen in Fig. 2, or larger. Moreove
as depicted in the inset of Fig. 4, for larger delay times~mil-
lisecond scale! Er PL not only shows quenching but als
enhancement, which suggests a more complex mechani

Taking into account our earlier work on the MIR-induce
energy transfers in Si:Er,6 we postulate assigning the quenc
ing effect to an Auger de-excitation of Er31 ions, due to the
energy transfer to free carriers appearing into the band
lowing optical ionization of traps by the FEL. The existen
of such a process has been suggested earlier from inves
tions of thermal quenching of intensity and lifetime of th
Er-related PL in Si.12 The proposed Auger de-excitation in
duced optically by MIR radiation complements the model
energy transfers in Si:Er system under optical pumping
veloped in our earlier studies. In this approach we cons
that holes in the valence band, optically released from s
low traps by the FEL pulse, give rise to the simultaneo
occurrence of two~independent! processes, of which on
leads to excitation and the other to de-excitation of Er31

ions. In that way here we present a model which permit
consistent description of results obtained under various
perimental conditions for differently prepared Si:Er mate
als. It follows from the assumption that the unusual anne
ing regime of the sample used in the present study resul
a high concentration of acceptor traps and partial disorde
of the Si matrix. This assumption is supported by a bro
possibly inhomogeneous, line shape of the Er31 PL spec-
trum, as seen in Fig. 1s. The observed spectrum resem
that of Er31 ions in SiO2 or in disordered amorphous hydro
genated silicon18 and is clearly different from that obtaine
in samples with the usual treatment — see the inset to Fig
The model of the proposed energy transfer mechanism
schematically depicted in Fig. 5 and, in addition to the Aug
quenching, includes the same processes invoked previo
in order to explain the afterglow and the MIR-induced Er
enhancement effects. First, we assume that the syste
‘‘prepared’’ for FEL probing by pumping with a Nd:YAG
laser. After band-to-band illumination, the generated f
electrons and holes are captured at donor the~Er-related
level, DEr) and acceptor~boron, Atr) traps, respectively
Slow release of holes from traps~labeled 1! gives rise to the
afterglow effect due to recombination with electrons at
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Er-related center~labeled 2!.6 During the FEL pulse, holes
are released into the valence band~labeled 3!. We now con-
sider three possibilities.

~1! Holes can be recaptured at the traps~labeled 4! with a
characteristic capture timetcap .

~2! Holes can recombine nonradiatively with electrons
DEr with a subsequent energy transfer to Er31 ions ~the ex-
citation mechanism labeled 2!

~3! Holes can acquire energy from excited Er31 ions lead-
ing to quenching of the Er-related PL~labeled 5!.

This last mechanism, representing the Auger de-excita
process of Er31 ions by free holes, is a new element intr
duced into the model.

Since, as discussed earlier, the observed PL quenc
takes place on a short time scale of a fewms, in the descrip-
tion of this process we can disregard the release of carr
~labeled 1! giving rise to the afterglow, which is slow at th
temperature of the experiment. In that way, for a formal d
scription of the model depicted in Fig. 5 we can propose a
of rate equations valid during the FEL pulse, i.e., fort
<5 ms. In that case the concentrationp of free holes in the
valence band will be given as

dp

dt
5bI FEL@Ntr~ tFEL!2p#2

p

tcap
, ~1!

whereb is the MIR radiation absorption coefficient for tra
ionization, I FEL is the excitation density of the FEL beam
and Ntr(tFEL) is the concentration of populated accept
traps at the time when FEL is firedtFEL . Equation~1! de-
scribes how the number of free holes changes due to
release from acceptor traps by a FEL pulse~labeled 3 in Fig.
5! and recapture at the traps~labeled 4 in Fig. 5!. Ntr(t) is
given by

Ntr5Ntr~ tFEL!2p, ~2!

where Ntr(tFEL)5Ntr
0 exp(2tFEL /tsr). Here tsr is the slow

recombination or thermalization time due to release of ho
from acceptor traps into the valence band,tsr'30 ms,6 and

FIG. 5. Schematic illustration of the proposed model of ene
transfers. See the text for a detailed explanation.
3-4



he
d
tr

e
es

in

de

eo

g
en
s

i
en

nt

o
e
n

-
a
b

rs

ob-
nt

ity
is

and
ffect
For

nd
e-
nd
en-
atu-
ion
mp

en-

to
nd
ate
an-
ob-

ex-

er
e

o
Er
n-
of
the

n
re is
ho-

n-
el-
in-
hing

me.
er-

. 6

h-
ls
-

ra
lse
ly.
ex
ob
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Ntr
0 is the concentration of traps initially populated by t

pump pulse~note that this value depends on the initial ban
to-band excitation density as well as on the total concen
tion of traps available in the material!.

Finally, the concentration of excited Er31 ions, N* , is
described as

dN*

dt
5CAp~NEr

TOTAL2N* !2CDpN* 2
N*

tEr
, ~3!

whereNEr
TOTAL is the total concentration of optically activ

erbium ions,CA andCD are the coefficients for the process
of excitation and Auger de-excitation, respectively, andtEr is
the lifetime of erbium in the excited state. The first term
Eq. ~3! indicates an excitation of Er31 which leads to the
MIR-induced enhancement of Er PL. The second term
scribes the de-excitation due to the interaction of Er31 ions
with free holes, and the last term describes the spontan
decay of erbium.

Rate equations~1!–~3! can be solved analytically leadin
to an expression for PL intensity as a function of experim
tal and material parameters. Here we restrict ourselve
numerical simulations of the above set of rate equations
lustrating the evolution of the system. In Fig. 6 we pres
how the concentration of excited Er31 ionsN* ~determining
PL intensity! changes during the FEL pulse for two differe
regimes of~a! high and~b! low powers of the initial band-
to-band pump pulse, respectively. The initial population
excited Er31 ions at the beginning of the FEL puls
N* (tFEL) depends on the initial band-to-band excitation de
sity, as well as on the total concentration of Er31 ions and
trapping centersNEr

TOTAL andNtr
TOTAL, respectively, as previ

ously reported.6 Indeed, for high pump powers even satur
tion of the excited erbium and populated traps can
reached. The simulation is performed fortFEL'500 ms and
is based on the following physical parameters:tcap'0.2 ms,
tEr'1.5 ms, andCA /CD'1. Keeping these paramete

FIG. 6. Simulation based on the proposed model to explain t
sition from Er PL quenching to enhancement during the FEL pu
Curves~a! and~b! are for high and low pump powers, respective
Depending on the concentration of traps and initially populated
cited Er31 ions the transition between these two regimes is
served. See the text for further details.
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fixed we set the ratio ofNtr
TOTAL/NEr

TOTAL to 0.04 ~squares!,
0.09 ~circles!, and 0.2~triangles! in order to estimate the
importance of the total number of acceptor traps for the
served effects~thus reflecting the unusual heat treatme
used for the material investigated, as discussed earlier!.

As can be seen from Fig. 6@curves labeled~a!# and in the
inset to the figure, for high band-to-band excitation dens
~when saturation of both Er excitation and trap population
approached! we observe a reduction ofN* by the end of the
FEL pulse. This means that, although enhancement
quenching processes occur simultaneously, the Auger e
prevails and a net decrease of PL intensity is observed.
low excitation density, curves labeled~b!, which is the case
where many Er31 can still be excited, we see that by the e
of the FEL pulseN* increases, thus leading to an enhanc
ment of the PL signal. In that way we can now understa
the experimentally observed transition from quenching to
hancement upon increase of excitation pump density. N
rally, in a similar way we can also explain the same transit
occurring while changing the delay time between the pu
and the FEL pulses, depicted in the inset to Fig. 4~although
we do not show a simulation of this process!. The later the
FEL is fired, the more probable it is to observe the net
hancement of PL: since Er31 decays with a lifetime oftEr
'1.5 ms, then when FEL is fired with a delay ofDt53 ms,
many Er31 ions will be available for excitation while only a
small number of them in the excited state will contribute
the Auger quench. We note that for a fixed pump density a
delay time, either an enhancement or a quench will domin
regardless of the power of the FEL pulse; therefore the tr
sition between enhancement and quench can never be
served by varying the FEL power, as indeed confirmed
perimentally.

The dependence of the quenching effect on FEL pow
simulated for a fixed pump density and one delay tim
(tFEL'100 ms! is depicted by the solid line in the inset t
Fig. 2. It turns out to be similar to the behavior as for the
PL enhancement,7 with the saturation appearing due to a io
ization of all the populated acceptor traps. Determination
the absolute values of the physical parameters entering
rate equation set~1!–~3! is difficult. In the simulations in
Fig. 6 we have usedCA /CD'1, assuming that the excitatio
and de-excitation processes are equally efficient, so the
no preference for one specific mechanism. Also we have c
sen a range of values fromNtr

TOTAL/NEr
TOTAL.4% till 20%,

anticipating a high concentration of traps which could co
tribute to the Auger de-excitation. In the previously dev
oped model6 the Auger quenching mechanism was not
cluded. This was not necessary, as in that case no quenc
of PL was observed regardless of pump power or delay ti
In order to account for that experimental evidence we p
form a simulation taking a different value ofCA /CD ratio
using the same fixed delay time. This is depicted in Fig
~solid diamonds! for a Ntr

TOTAL/NEr
TOTAL.1%. As can be

seen, ifCA.CD no quenching is observed even for the hig
est pump power~as was the case for the Si:Er materia
investigated in our previous studies!, and only the enhance
ment effect is possible.
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A separate issue is the PL quenching dependence on
effective duration of the FEL pulse depicted in Fig. 3 as
2QR). In order to simulate this effect we simplify the ra
equations. If we are in a high band-to-band excitation den
regime, N* saturates to the valueNEr

TOTAL. As a conse-
quence, the first term on the right side of Eq.~3! becomes
zero. Duringt,5 ms, the new Eq.~3! will be

dN*

dt
52CDpN* , ~4!

where we have neglected also the termN* /tEr , because the
duration of the FEL pulse is much shorter than the lifetime
Er31 ion in the excited stateDtFEL !tEr ~with this we make
an approximation that during the short pulse none of
erbium ions de-excites!. For the concentration of free hole
in the valence band we take the solution of Eq.~1!, as de-
picted in the inset of Fig. 3~during and after the FEL pulse!.
If we introduce this solution into Eq.~4! we obtain that Er PL
quenching is proportional to the integrated action of fr
holes. It can be shown that the evolution of the system
then given as

Ndex5A$tsr~12e2t/tsr!

2~bI FEL1tcap
21 !21~12e2t(bI FEL1tcap

21 )!% ~5!

for t,DtFEL and

Ndex5Ndex
0 1p0tcap$12e[ 2(t2tD)tcap

21 ]% ~6!

for t.D tFEL , whereNdex is the de-excitation term, define
as Ndex512(NFEL* /NnoFEL* ) and taking the values
of A5bI FELNtr

0 /(bI FEL1tcap
21 2tsr

21), p05A@e2tD /tsr

2e2tD(bI FEL1tcap
21 )#, and Ndex

0 5A$tsr(12e2Dt/tsr)

2(bI FEL1tcap
21 )21(12e2Dt(bI FEL1tcap

21 ))%. The time is
counted from the Nd:YAG pulse. In this case the FEL
switched on (I FEL) with a delay timetD . The valueDtFEL
55 ms, is the maximum duration of the FEL pulse. T
solutions given by Eqs.~5!–~9! are plotted as a solid line in
Fig. 3. For small intervalsDt, this expression gives a qua
dratic dependence onDt. The quadratic dependence is val
only in the time interval comparable to the capture tim
tcap . The quenching process proceeds even after the
pulse terminates until free holes disappear from the vale
,

,

d

n

03521
he

ty

f

e

e
is

L
ce

band. If we include this fact into consideration we get
smooth transition to the constant value regime, as shown
the solid line in Fig. 3 forDt.5 ms.

V. CONCLUSIONS

The microscopic mechanism of abrupt quenching of
1.54–mm PL band observed in some Si:Er samples up
MIR illumination with a FEL has been identified. Detaile
experimental investigation and theoretical modeling ha
shown that this effect appears due to an Auger proces
energy transfer between excited Er31 ions and free holes
The holes appear in the valence band as a result of a F
induced optical ionization of traps available in the mater
and populated by the band-to-band pump pulse. There
the effect of PL quenching by the FEL is most pronounced
heavily defected Si:Er materials. In that case it is best view
under experimental conditions of high density of band-
band excitation~i.e., close to saturation of Er-related PL! and
short delay times between Nd:YAG and FEL pulses. Follo
ing the results of this study, we propose to supplement
previous model of energy transfers within the crystalli
Si:Er system with an additional term corresponding to
newly identified de-excitation mechanism of Er31 ions. The
MIR-induced ionization of shallow traps gives rise to the tw
competing effects of PL enhancement and quenching; wh
of them prevails depends on sample parameters and on
ticular conditions of the experiment. We show that simu
tions based on the mathematical description with the ene
transfer model complemented with the Auger quench
term satisfactorily reproduce the experimental results
tained for differently prepared materials.
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