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Auger deexcitation of Er** ions in crystalline Si optically induced by midinfrared illumination
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A.F. loffe Physico-Technical Institute, Politekhnicheskaya 26, St. Petersburg 194021, Russia
(Received 4 April 2003; published 30 July 2003

We report on the de-excitation of £r 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.
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[. INTRODUCTION under conditions of high band-to-band excitation power and
with the FEL pulse fired shortly after the primary pump
In the last decade, intense research on silicon has begnlse.
done in order to allow light emission at room temperature. In the current study we investigate the nature of the FEL-
One of the approaches to obtain light out of Si, which has anduced quenching of Er-related PL. We measure the ampli-
rather small and indirect band gap, is based on defedude of the effect at various pumping densities, for different
engineerind. Alternatively, rare eart{RE) doping is used. timing and power of the FEL pulse. Upon changing the ex-
RE ions are optically active and their atomic transitionsperimental conditions, we observe a continuous transition
cover a wide spectral range. In particular® Eis potentially ~ between PL quenching and the enhancement effect. We iden-
attractive because the enerdy;, of the 4f-electron shell tify the observed PL quenching as being due to an Auger
transmon from the first excited state to the ground stateProcess of energy transfer between an excited state of the
4 13— 155, falls into the interval of minimum losses of Er3* ion and a free carrier ionized into the band by MIR
silica-based optical fibers used in telecommunication lfnes.radiation. Based on the experimental results, we propose in-
Recently, we have investigated energy transfers in differengluding this de-excitation mechanism in order to generalize
RE-doped semiconductotsin particular, the role of band the recently developed model of energy transfers in the Si:Er
gap states in excitation and de-excitation mechanisms gystem.
Er* ions in Si:Er has been studied by means of two-color
spectroscop§.While recombin_atio_n of an e_Iectron-hoIe pair Il. EXPERIMENTAL DETAILS
at an Er-related levelrecombination level in the band gap
directly linked to erbium after band-to-band illumination is The experimental data for the present study were obtained
responsible for Ef" excitation, other levels, not related to for a Si:Er sample prepared from Czochralski-grogvtype
erbium, are also involved in energy transfers. Nonequilib-silicon. Er ions were implanted with an energy of 300 keV to
rium carriers generated during band-to-band excitation and dose of 3< 10'> cm™~2. The concentration of erbium in the
trapped at defect/impurity levels can be ionized by a midinimplanted layer was around>610" cm™ 3. The sample was
frared (MIR) radiation pulse from a free-electron laser coimplanted with oxygen ions with an energy of 40 keV to a
(FEL). Using two-color spectroscopy with a FEL we have dose of 3< 10" cm 2. Oxygen codoping is known to in-
found enhancemehtof Er¥™ photoluminescencéPL) for  crease the intensity of Er photoluminescence and to reduce
temperatures not exceeding 50 K. We have studied this effedts thermal quenching. The implantation was followed by
in detaif for p-type crystalline Czochralski-grown Si 1000 °C annealing for 30 minutes. The two-color experi-
samples with different Er concentrations. The microscopianents with a free-electron laser were performed at the
nature of the MIR-induced PL enhancement has been modFELIX" users facility in Rijnhuizen (The Netherlands—
elled theoreticallj and shown to reproduce satisfactorily the for a detailed description of the experimental set up see Ref.
experimental results. Our current investigation reveals thaf3. In this particular study, excitation densities of the FEL and
while the enhancement effect is omnipresent for all investithe Nd:YAG (yttrium aluminum garnetpump laser were ad-
gated Si:Er materials, for some samples also quenching géisted with internal attenuators and neutral density filters,
the Er-related PL occurs upon application of a MIR pulse.respectively. A variable delay time between the two pulses
We have found that the quenching effect is most pronouncedaas used.
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FIG. 1. PL spectrum of the Si:Er dt=4.2 K excited with an '.:lG.' 2. Dyn_amlcs of the Er_ PL quen(_:hlng for high Nd:YAG
excitation density. The quenching effect is illustrated for a delay

Ar* laser. PL dynamics have been studied for 1.537 um, as . . -
marked by an arrow. In the inset, the PL spectrum of a similar Si:Ertlrne of 100s and at two energies of the FEL pulsgtenuations 0

sample prepared by identicdr and Q implantation, but annealed and 8 dB. In the inset, the quenching ratiQg is shown as a
. : function of the FEL pulse energy.
at a lower temperature, is shown for comparison.

IIl. EXPERIMENTAL RESULTS in Fig. 2 we showQg as measured at=900 us. In the inset

In the current research, the spectrum, amplitude, and dyl® Fig. 2, the quenching ratio is plotted as a function of FEL
namics of the PL due to transition from the first excited statePower. As can be seerQy initially decreases with FEL
(“l 13, to the ground state*(,s,) of EF" ions have been power (the quenching effect increagesind then saturates.
investigated at a temperature &5 K. The PL spectrum We note that such a behavior is similar to that of the MIR-
obtained from the sample under Ataser excitation is plot- induced enhancement of Er Plthus indicating a possible
ted in Fig. 1. Only a broad peak centered at 1,6% can be relation between these two effects.
observed here. It is interesting to notice that the identically In order to study the PL quenching further, it would be
implanted sample annealed at a different temperdage the interesting to investigate the effect as a function of the FEL
inset to Fig. 1 or Ref. 8,shows a completely different spec- pulse duration. Unfortunately, this is not possible due to ex-
trum indicating a different microscopic structure of optically perimental reasons. However, we can move the short
active Er-related centers. In principle, microscopic informa-Nd:YAG pump pulse Aty g~ 0.1 ns) within the duration of
tion on the optically active Er center can be extracted from ahe much longer FEL pulseAtrg, ~5 uS). As can be seen
detailed analysis of its PL spectrum. Indeed, it has beein Fig. 3, no quenching effect is observed when the FEL
shown that Er in crystalline Si can be present in a widepulse hits the sample earlier than the band-to-band excita-
variety of center§.Unfortunately, in the present case the PLtion. This result rules out the possibility that PL quenching
spectrum is very broad, most probably due to inhomogeneityakes place as a result of lattice heating due to phonon gen-
of the sample, and does not allow one to obtain informatioreration, since thermal effects have relaxation times of milli-
on the structure of relevant center/s. In Fig. 2 we show theseconds. In Fig. 3 the quenching effect{Qg) is plotted
dynamics of the 1.54¢em PL band, marked with an arrow in versus delay time between the Nd:YAG pump pulse and the
Fig. 1. PL quenching can be observed upon application of anset of the FEL pulse. It can be seen that the quenching
FEL pulse frg =12 um, variable powerfired with a de- effect grows linearly during the s of the FEL pulse, with
lay time of At=100 us. After the FEL pulse, the PL inten- a fairly smooth onset, and later it stops as the FEL pulse
sity quenches with a time constant equal to the response tinterminates. This is a clear indication that the Er PL quench-
of the experimental set-upr{es~75 1s) and later decays ing is related to the “effective duration” of the MIR illumi-
with the typical Er lifetime ofrg,~1.5 ms. Using a faster nation following the Nd:YAG pump pulse. Consequently, PL
detector fesp~30 us, not shown hejethe PL quenching quenching appears to be proportional to the number of MIR
still follows the detector response time. We therefore conphotons absorbed by excited*Erions.
clude that the quenching process is very fast. In order to Finally, an important result is given in Fig. 4 which shows
guantify the magnitude of PL quenching, we define thethe influence of the Nd:YAG power on the quenching effect.
quenching ratidQg of PL amplitudes as measured with and The experimental data represent the effect of a FEL pulse
without the FEL pulseQgr=Arg /AnoreL- Naturally, Qg (Mg =12.5um, delay time ofAt=500 us) at four differ-
=1 when the FEL is not applied. While the quenching ratioent pump powers®4 to P1). As can be seen, a transition
Qg is independent of a particular moment when the amplifrom guenching to enhancement occurs as the pumping den-
tudes are compared, in experimental practice we shouldity is reduced. A similar transition can also be observed
avoid possible errors due to detector response. In particulaynder conditions of high Nd:YAG power, when the FEL de-

035213-2



AUGER DEEXCITATION OF EF* IONS IN . .. PHYSICAL REVIEW B68, 035213(2003

0.5

tion depend critically on the available number of excited
3 § § 3 Er3* ions and carrier traps populated at the moment of the
FEL pulse — both being determined by the Nd:YAG pulse
energy and the timing of the FEL pulse.
, , , In order to understand the phenomenon responsible for
/-l ] the Er PL quenching induced by MIR radiation, we examine
1

04

03[
first de-excitation mechanisms identified for Si:Er. Here we
can distinguish energy transfers between different erbium
: ions and between erbium ions and Si. In the later cas¥, Er
] de-excitation by phonon generation or Auger de-excitation
\\ | induced by free carriers are well known effects.

The exchange of energy between erbium ions in excited

02}

1-Q; (normalized)

Hole concentration (arb. units)

10 15

oo} Time o) states leads to up-conversithwhich results in emission
: . . . . , . , guenching. An excited Er ion, de-excites nonradiatively by

0 5 10 15 transferring the energy to anoth@reighboj excited Er ion,
Delay time (us) promoting it into a higher excited state. At this stage, one

. b . o
FIG. 3. The quenching effect, defined as Qg, as a function gxg!ig If)?n 'qu:strl]?t ?gt?ag'll_'twltll) qeurﬁ.qcth'omséi?gn()f 2,:1?
of the delay time between the short Nd:YAG band-to-band excita- Xcl 1ons Wi _p ity to emit tw .p S y
tion and the onset of the longer-6 us) FEL pulse. The solid line one remains. Relaxation from the higher excited state can be

is the numerical simulation based on E(®.and (6). In the inset, accomplished either by non-radiative transition to the first

concentration of free holes in the valence band during and after th§XCited state.A(I 132 from which emission at 1.nm can

the ionization pulse of FEL is simulated from the proposed modelfollow, or radiatively from higher lying states, e-94-19/2_ or

See text for further explanation and for the parameters used in thel 11/2- In this latter case, the relevant photon energy is larger

simulation. than the band gap of SE=1.17 eV} and the emitted pho-
ton will be absorbed by Si. However, for efficient up-

lay time At is increased from~ few us to ~ ms; see the conversion, the concentration of erbium has to be of the or-

inset to Fig. 4. der of ~4x10°°cm™3, which is not the case here.

Therefore up-conversion is not considered to be an important

mechanism in our Si:Er system, and we resort to energy

transfers between Ef ions and Si.

The experimental evidence presented in Sec. Ill suggests It is accepted that Bf introduces a recombination level
that the PL quenching and the previously investigated MIR{of donor characterin the energy band gap of Si. This level
induced Er PL enhancement are mutually linked, and probis responsible for the energy transfer to thé Eion in the
ably related to the same change of the matrix property inexcitation process. After band-to-band excitation, electrons
duced by the FEL pulse. We conclude that the energy transfere captured at this level and they recombine nonradiatively
mechanisms activated under the influence of FEL illumina{in an Auger procegswith holes from the valence band. As a
result, energy is transferred to thé-dlectron shell and B
ions attain the excited state. The Er-related level in the gap
can be interpreted as an intermediate step necessary for ex-
citation. It was suggested by thedfyand later supported by
experimental work on thermal quenching of PL intensity and
lifetime of EP" ions!? that the Er-related level was situated
. ~150 meV below the bottom of the conduction band. It is
4 8 8 10 generally considered that the main process preventing in-
Time (ms) L . . e

tense emission from Si:Er at room temperature is an efficient
non-radiative mechanism called “back-transfer.” In this
Sy mechanism, Bf" deexcites and transfers its energy to bring
aas S . e, an electron from the valence band to the Er-related level. In
; : B— that way, the Er excitation mechanism is reversed. The en-
f ergy mismatch of this process,E§— 150 meV—Aqs))
P4 >P3>P2>P1 =220 meV, can be provided by phonons generated at higher
L . 1 . 1 . temperatures. The microscopic model of the back-transfer
0 ! Tim2e (ms) 3 4 mechanism was first proposed for InP:¥Ref. 13 and later
s adopted for other RE-doped semiconductors, in particular

FIG. 4. Dynamics of the Er PLN=1.537, T=4.2 K) for dif- also for the Si:Er systertf.In order to investigate this promi-
ferent Nd:YAG pump excitation density?4 to P). The FEL pulse nent de-excitation mechanism, the FEL can Conveniently re-
is fired at the delay time of-z, =500 us. A transition from the place the indiscriminate thermal activation. In the tempera-
quenching to the enhancement is observed upon decreasing thgre range of this studyf~5 K, practically no phonons are
Nd:YAG power. available, and the energy necessary for activation of the

IV. DISCUSSION

P4 |

Er PL (arb. units)

Er PL (arb. units)
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back-transfer can be provided optically with photons whose CB
energies fall in the range of the energy mismatch. Indeed.
with two-color spectroscopy using MIR radiation, we have
observed experimentally the back-transfer process in
InP:Yb® Unfortunately, for Si:Er the maximum available
energy of the FEL-generated MIR photons is lower than the
energy mismatch,Hv)f5%<220 meV, and optical activation
of the back-transfer is not to be expected.

Also dissociation of excitons bound to isoelectronic de-
fects formed by Cu and Ag in a Si matrix has been reported
to take place under FEL illumination, leading to a quenching
of the related PL band$. However, the decrease of the
Si:Er PL observed in the present study cannot be explainec
exclusively by dissociation of excitons. The lifetime of an & ¥ 5 ) AR T5 VB

exciton bound at the Er-related level is of the order of VAG 11 FEL oul.

1 s’ and that of free excitons will not exceed few hun- pulse pulse

Qreds ofus; thus we could not expect quenching at a delay FiG. 5. Schematic illustration of the proposed model of energy

time of At=100 us, as seen in Fig. 2, or larger. Moreover, transfers. See the text for a detailed explanation.

as depicted in the inset of Fig. 4, for larger delay tinied-

lisecond scaleEr PL not only shows quenching but also Er-related centetlabeled 2.° During the FEL pulse, holes

enhancement, which suggests a more complex mechanismare released into the valence batabeled 3. We now con-
Taking into account our earlier work on the MIR-induced sider three possibilities.

energy transfers in Si:Erwe postulate assigning the quench- (1) Holes can be recaptured at the tréfabeled 4 with a

ing effect to an Auger de-excitation of £r ions, due to the characteristic capture time.,,.

energy transfer to free carriers appearing into the band fol- (2) Holes can recombine nonradiatively with electrons at

lowing optical ionization of traps by the FEL. The existence D, with a subsequent energy transfer td Eions (the ex-

of such a process has been suggested earlier from investiggitation mechanism labeled 2

tions of thermal quenching of intensity and lifetime of the (3) Holes can acquire energy from excite&Eﬁons lead-

Er-related PL in St? The proposed Auger de-excitation in- ing to quenching of the Er-related Rlabeled 5.

duced optically by MIR radiation complements the model of  This last mechanism, representing the Auger de-excitation

energy transfers in Si:Er system under optical pumping deprocess of Ef" ions by free holes, is a new element intro-

veloped in our earlier studies. In this approach we considegyced into the model.

that holes in the valence band, optically released from shal- since, as discussed earlier, the observed PL quenching

low traps by the FEL pulse, give rise to the simultaneousakes place on a short time scale of a few, in the descrip-

occurrence of twa(independent processes, of which one tion of this process we can disregard the release of carriers

leads to excitation and the other to de-excitation of 'Er (jabeled 1 giving rise to the afterglow, which is slow at the

ions. In that way here we present a model which permits demperature of the experiment. In that way, for a formal de-

consistent description of results obtained under various eXscription of the model depicted in Fig. 5 we can propose a set

perimental conditions for differently prepared Si:Er materi-of rate equations valid during the FEL pulse, i.e., for
als. It follows from the assumption that the unusual anneal<s ;5. |n that case the concentratiprof free holes in the

ing regime of the sample used in the present study results ijalence band will be given as

a high concentration of acceptor traps and partial disordering

of the Si matrix. This assumption is supported by a broad, p p

possibly inhomogeneous, line shape of thé 'EPL spec- gt~ AlredNu(tre) —pP1— —, 1)
trum, as seen in Fig. 1s. The observed spectrum resembles cap

that of EF* ions in SiQ or in disordered amorphous hydro- where is the MIR radiation absorption coefficient for trap
genated silicotf and is clearly different from that obtained ionization, | g, is the excitation density of the FEL beam,
in samples with the usual treatment — see the inset to Fig. Jand N,,(trg,) is the concentration of populated acceptor
The model of the proposed energy transfer mechanisms igaps at the time when FEL is firedg, . Equation(1) de-
schematically depicted in Fig. 5 and, in addition to the Augerscribes how the number of free holes changes due to the
quenching, includes the same processes invoked previouspglease from acceptor traps by a FEL pullséeled 3 in Fig.

in order to eXpIain the aﬁerglOW and the MIR-induced Er PLS) and recapture at the trammbe|ed 4 in F|g 5 Ntr(t) is
enhancement effects. First, we assume that the system dgven by

“prepared” for FEL probing by pumping with a Nd:YAG

laser. After band-to-band illumination, the generated free N =Ny (teg) — P, 2)
electrons and holes are captured at donor (fBerelated

level, Dg,) and acceptor(boron, A;,) traps, respectively. where Nir(trel) = N exp(—teg /7). Here 74, is the slow
Slow release of holes from trapiabeled } gives rise to the recombination or thermalization time due to release of holes
afterglow effect due to recombination with electrons at thefrom acceptor traps into the valence bamg~30 ms® and
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3 Teggsrerereeeeerererrerer fixed we set the ratio oN]°TAYNLOTA to 0.04 (squarel
[ vo oog 5 0.09 (circles, and 0.2(triangles in order to estimate the
r V920, ° "o importance of the total number of acceptor traps for the ob-

o Ooog .
Vy,_%%000 Z “f0oog served effects(thus reflecting the unusual heat treatment

—_ oo
2 VVYyvevve9999g9g/®@ used for the material investigated, as discussed earlier
; As can be seen from Fig.[@urves labeleda)] and in the
& vvvvvvvv inset to the figure, for high band-to-band excitation density
z svvY v cool|® (when saturation of both Er excitation and trap population is
vvY 0000°° 0° approachepwe observe a reduction &f* by the end of the
000°° oooooooff of FEL pulse. This means that, although enhancement and
oo . : : cssssssoe guenching processes occur simultaneously, the Auger effect
""" prevails and a net decrease of PL intensity is observed. For
2 3 4 5 low excitation density, curves labeléH), which is the case

FEL pulse duration (us) where many E¥" can still be excited, we see that by the end

FIG. 6. Simulation based on the proposed model to explain tran®f the FEL pulseN* increases, thus leading to an enhance-
sition from Er PL quenching to enhancement during the FEL pulsement of the PL signal. In that way we can now understand
Curves(a) and(b) are for high and low pump powers, respectively. the experimentally observed transition from quenching to en-
Depending on the concentration of traps and initially populated exhancement upon increase of excitation pump density. Natu
cited EP* ions the transition between these two regimes is ob-rally, in a similar way we can also explain the same transition
served. See the text for further details. occurring while changing the delay time between the pump

and the FEL pulses, depicted in the inset to Figakhough
Np is the concentration of traps initially populated by the we do not show a simulation of this processhe later the
pump pulsgnote that this value depends on the initial band-FEL is fired, the more probable it is to observe the net en-
to-band excitation density as well as on the total concentrahancement of PL: since Er decays with a lifetime ofrg,

tion of traps available in the materjal _ . ~1.5 ms, then when FEL is fired with a delay &f=3 ms,
Finally, the concentration of excited Ef ions, N*, is  many EF* ions will be available for excitation while only a
described as small number of them in the excited state will contribute to

the Auger quench. We note that for a fixed pump density and
dN* TOTAL ik " * delay time, either an enhancement or a quench will dominate
T_CAp(NEf —N*)—CopN* - e ) regardless of the power of the FEL pulse; therefore the tran-
sition between enhancement and quench can never be ob-
whereNL° T is the total concentration of optically active served by varying the FEL power, as indeed confirmed ex-
erbium ionsC, andCp are the coefficients for the processes perimentally.
of excitation and Auger de-excitation, respectively, apdis The dependence of the quenching effect on FEL power
the lifetime of erbium in the excited state. The first term insimulated for a fixed pump density and one delay time
Eq. (3) indicates an excitation of Ef which leads to the (teg ~100 us) is depicted by the solid line in the inset to
MIR-induced enhancement of Er PL. The second term deFig. 2. It turns out to be similar to the behavior as for the Er
scribes the de-excitation due to the interaction of'Eions  PL enhancemeritwith the saturation appearing due to a ion-
with free holes, and the last term describes the spontaneoigation of all the populated acceptor traps. Determination of
decay of erbium. the absolute values of the physical parameters entering the
Rate equationgl)—(3) can be solved analytically leading rate equation setl)—(3) is difficult. In the simulations in

to an expression for PL intensity as a function of experimen+ig. 6 we have use@,/Cp~1, assuming that the excitation
tal and material parameters. Here we restrict ourselves tand de-excitation processes are equally efficient, so there is
numerical simulations of the above set of rate equations ilno preference for one specific mechanism. Also we have cho-
lustrating the evolution of the system. In Fig. 6 we presenten a range of values frotd] °TAYNEICTAL= 404 till 20%,
how the concentration of excited ErionsN* (determining  anticipating a high concentration of traps which could con-
PL intensity changes during the FEL pulse for two different tribute to the Auger de-excitation. In the previously devel-
regimes of(a) high and(b) low powers of the initial band- oped modél the Auger quenching mechanism was not in-
to-band pump pulse, respectively. The initial population ofcluded. This was not necessary, as in that case no quenching
excited EF* ions at the beginning of the FEL pulse of PL was observed regardless of pump power or delay time.
N* (tegL) depends on the initial band-to-band excitation dendn order to account for that experimental evidence we per-
sity, as well as on the total concentration of Erions and  form a simulation taking a different value &,/Cp ratio
trapping centerslI®TAandN] °TAL | respectively, as previ- using the same fixed delay time. This is depicted in Fig. 6
ously reported. Indeed, for high pump powers even satura-(solid diamonds for a N/°TA/N{®TA'=~1%. As can be
tion of the excited erbium and populated traps can beseen, ifC,>Cp no quenching is observed even for the high-
reached. The simulation is performed teg, ~500 us and  est pump poweras was the case for the Si:Er materials
is based on the following physical parameterg;;~0.2 us,  investigated in our previous studjgsind only the enhance-
me,~1.5 ms, andC,/Cp~1. Keeping these parameters ment effect is possible.
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A separate issue is the PL quenching dependence on thmand. If we include this fact into consideration we get a
effective duration of the FEL pulse depicted in Fig. 3 as (1smooth transition to the constant value regime, as shown by
—Qg)- In order to simulate this effect we simplify the rate the solid line in Fig. 3 forAt>5 us.
equations. If we are in a high band-to-band excitation density

regime, N* saturates to the valuBlZ°™. As a conse- V. CONCLUSIONS
quence, the first term on the right side of E§) becomes The microscopic mechanism of abrupt quenching of the
zero. Duringt<5 us, the new Eq(3) will be 1.54-um PL band observed in some Si:Er samples upon
MIR illumination with a FEL has been identified. Detailed
dN* . experimental investigation and theoretical modeling have
T —CopN~, (4) shown that this effect appears due to an Auger process of

energy transfer between excited®Erions and free holes.
where we have neglected also the tV ., because the The holes appear in the valence band as a result of a FEL-
duration of the FEL pulse is much shorter than the lifetime ofinquced optical ionization of traps available in the material
Er" ion in the excited stat&tgg| <7, (with this we make  and populated by the band-to-band pump pulse. Therefore
an approximation that during the short pulse none of thehe effect of PL quenching by the FEL is most pronounced in
erbium ions de-excitgsFor the concentration of free holes heayily defected Si:Er materials. In that case it is best viewed
in the valence band we take the solution of Eh, as de-  ynder experimental conditions of high density of band-to-
picted in the inset of Fig. &during and after the FEL pulse  pand excitatiorfi.e., close to saturation of Er-related Pand
If we introduce th|S Solution intO Eq4) we Obtain tha.t Er PL Short de|ay times between NdYAG and FEL pu|ses_ Fo”ow_
quenching is proportional to the integrated action of freejng the results of this study, we propose to supplement the
holes. It can be shown that the evolution of the system iprevious model of energy transfers within the crystalline
then given as Si:Er system with an additional term corresponding to the
Nyoy= Af 7e/(1— e~ '7s1) newly identified de-excitation mechanism of*Erions. The

dex sr MIR-induced ionization of shallow traps gives rise to the two

competing effects of PL enhancement and quenching; which

-~ L1y =11 _ oA FEL Toay .
(BlreLt 7eqp) (1€ I} ©) of them prevails depends on sample parameters and on par-

for t<Atrg, and ticular conditions of the experiment. We show that simula-
» tions based on the mathematical description with the energy
Ngex=Ngext PoTeapi1— el ™70 7capl} (6)  transfer model complemented with the Auger quenching

term satisfactorily reproduce the experimental results ob-

for t>A teg, WhereNge, is the de-excitation term, defined tained for differently prepared materials.

as Ngex=1—(Nfg /Nroee) and taking the values
of A=BleelNg/ (BleeLt Teap— 75/), Po=Ale™ /st ACKNOWLEDGMENTS
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