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PhotoluminescencéPL) properties of Si@ films containing Si nanocrystals1¢-Si) and Er were
studied. The average size o€-Si was changed in a wide range in order to tune the exciton energy

of nc-Si to the energy separations between the discrete electronic statel” oPErfrom exciton
recombination imc-Si and the intra-4 shell transition of E¥" were observed simultaneously. At

low temperatures, periodic features were observed in the PL spectrom i The period agreed

well with the optical phonon energy of Si. The appearance of the phonon structure implies that
nc-Si which satisfy the energy conservation rule during the energy transfer process can resonantly
excite EF'. For the PL from Et", a delay was observed after the pulsed excitationamBi hosts.

The rise time of the PL showed strong size dependence. The effects of the quantum confinement of
excitons innc-Si on the energy transfer process are discussed20@1L American Institute of
Physics. [DOI: 10.1063/1.1409572

I. INTRODUCTION samples exhibited strong 0.81 eV PL at room temperature as
well as 1.5 eV PL due to the recombination of excitons in
Recently, Er-doped Si has been attracting a lot of attennc-Si. The correlation between the intensities of the two PL
tion, because Bf ions incorporated into Si produce stable peaks was studied. We found that the 0.81 eV peak becomes
sharp luminescence from the intrd-4hell transition {113,  strong as the Er concentration increases, while the 1.5 eV
to *l 15,,) at around 0.81 eV, which corresponds to the absorppeak becomes weak. These results combined with the exci-
tion minimum in silica-based glass fibers. Electrolumines-ation spectra of the two PL peaks suggest that the excitation
cence devices operating at room temperature have beeyi Er** is made by the energy transfer frame-Si.
realized)™® and many attempts have been made to improve  The energy transfer process has been discussed in detalil
the quantum efficiency. The excitation mechanism 6fEn  on the basis of the time kinetics of the PL bands and rate
a bulk-Si crystal is generally explained as followSirst, an  equations, and some different models are propd%&ato2°
electron-hole pair generated in Si is trapped at an Er-relateHowever, no spectroscopic evidences which indicate the
level about 0.15 eV below the bottom of the conductionstrong coupling betweenmc-Si and EF* have been obtained.
band. The recombination energy of the trapped electron-hol8ince the electronic states of*trare discrete and the band
pair is then transferred to Er (energy transfér and the 4 gap ofnc-Si changes with the sizegc-Si with some specific
shell is excited. A drawback to use a bulk Si crystal as a hosgizes can resonantly excite*£r Observation of such reso-
of Er* is the large temperature quenching of the 0.81 eVhant nature offers direct evidence of the energy coupling and
luminescence. The temperature quenching arises from thgives useful information to understand the energy transfer
dissociation of an electron-hole pair bound to the Er-relatednechanism. Furthermore, the energy transfer rate has not
level before the energy is transferred to*Erand the de- been estimated: it is not known whether or not the energy
excitation of an excited Bf by forming an electron-hole transfer rate depends on the size. Since the energy transfer
pair at the Er-related levefenergy back transfer—® The  rate is an important parameter which determines the lumines-
temperature quenching can drastically be reduced by usingence efficiency, an estimation of the rate and the evaluation
Si nanostructures such as porous Si and Si nanocrystats the size dependence is indispensable to fully understand
(nc-Si) as a host of E+?"'*The band gap widening of Si the energy transfer mechanism and to further improve the
nanostructures arising from the confinement of an electrontuminescence efficiency of Er-doped Si nanostructures.

hole pair in a small voluméguantum size effectss consid- In this work, we studied PL and PL decay dynamics of
ered to be responsible for the observed small temperaturgiO, films containingnc-Si and Er. The average size of
quenching. nc-Si was changed in a wide range in order to tune the

In our previous work?**we have studied photolumi- exciton energy ofic-Si to the energy separations between
nescencéPL) from SiO, films containingnc-Si and Er and  the discrete electronic states of°Er This wide tunability
discussed the excitation mechanism of Evia nc-Si. The provides valuable information to understand the energy
transfer mechanism. We will demonstrate that phonon-

dAuthor to whom correspondence should be addressed; electronic mairfelated periOdiC features appear O_n th? PL spect.naceSi.
fuji@eedept.kobe-u.ac.jp The appearance of the features implies the existence of a
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FIG. 1. PL spectra of Sigfilms containingnc-Si and Er at room tempera-
ture. The size ohc-Si is varied from 2.7 to 5.5 nm, and the Er concentra-
tion (Cg,) is fixed at 0.11 at. %. The energy position of the firéit; ),
second fl,,,,), and third ¢l4,) excited states of Ef measured from the
ground state is shown.

di/dE

resonant energy transfer process. We will also show that the
4f shell PL of EF' exhibits a delay after the pulsed excita-
tion of nc-Si hosts, and the rise time depends strongly on the
size of nc-Si. The effects of the quantum confinement of
excitons innc-Si on the efficient PL of Ef" are discussed.
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Il. EXPERIMENT FIG. 2. (a) PL spectra in the range between 1.0 and 1.75 eV at 5 K(and
. ) o . the first derivative. Vertical lines are drawn with the period of 64 meV. The

SiG; films containingnc-Si and Er were prepared by @ energy position of the seconfli¢y,,) and third (14,) excited states of Bf
co-sputtering method. Details of the preparation procedureseasured from the ground state is shown.
are described in our previous pap&s® In this work, the
average size afic-Si(ds) was changed from 2.7 to 5.5 nm. the excitation powel? The EF* PL becomes intense with Er
PL spectra were measured using a single grating monochr@oncentration, while thec-Si one becomes weak.
mator and a near-infrared photomultiplier with a InP/InGaAs  Figure 2a) shows the PL spectra at 5 K. Only the spec-
photocathode. This near-infrared-sensitive fast photomultitral range between 1.0 and 1.75 eV is shown. In contrast to
plier allows us to measure time response of PL froM"Er the featureless spectral shape at room temperature, periodic
with the time resolution of less than 10 ns. The excitationfeatures can clearly be distinguished, i.e., the spectra are pe-
source was the 457.9 nm line of an Ar-ion laser. For all theriodically suppressed, and dips appear periodically. In par-
spectra, the spectral response of the detection system wésular, for the sample witldg;=5.5nm, the higher energy
corrected by the reference spectrum of a standard tungstgrart of the spectrum is strongly suppressed. It should be
lamp. For the time response measurements, the 532.0 nnoted here that without Er doping, the spectra are featureless
line of a Nd:yttrium—aluminum—garnet laser was used as aeven at 5 K. The first derivatives of the spectra are shown in
excitation source. The pulse width was 5 ns and the repetiFig. 2(b). In all the spectra, the features in the derivative
tion frequency was 20 Hz. A multichannel scalar was used irspectra appear at the same energy. The energy separations
obtaining decay curves. The time resolution of the systenibetween the three features in the low-energy side as well as

was about 40 ns. those in the high-energy side are almost the same. The ver-
tical lines are drawn at every 64 meV, and correspond well to
IIl. RESULTS the features in the derivative spectra. Besides periodic dips, a

small peak is seen at 1.26 ei¥hdicated by arrows This
peak is due to the transition between the second excited
Figure 1 shows PL spectra at room temperature. All the(*l11) and ground states*(;s;) of EP**. This peak is ob-
samples show two peaks. The low-energy m&1 e\) cor-  served only when relatively smatic-Si are co-doped, i.e.,
responds to the intraf4shell transition of Et* (*l,3,to  when the PL energy afic-Si is larger than the energy sepa-
1510 (EFT PL),® while the high-energy one to the recom- ration between the third excited statt 4,) and the ground
bination of excitons confined inc-Si (nc-Si PL).121321The  state (l,5/).
PL from nc-Si depends strongly on the size. The PL peak is
shifted from 1.2 to 1.5 eV as the size decreases from 5.5 tg
2.7 nm. Although not shown here, the intensity ratio of the  Figure 3a) shows thenc-Si PL decay curves detected at
two PL peaks depends strongly on the Er concentration anthe maximum ofhc-Si PL in Fig. 1 at room temperature. The

A. PL spectra

. PL decay dynamics
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FIG. 4. Atypical decay curve of Bf PL. The decay curve did not strongly

nc-SiFL depend on Er concentration.
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and is much shorter than the estimated radiative exciton re-
combination time even at room temperature.

In previous PL studies of similar samples, the decay time
of nc-Si PL was reported to be insensitive to Er
concentratiort/'® The reason for this contradiction is not
clear at present. However, we measurectSi PL decay
curves for several series of samples, and the shortening of
100 200 300 the lifetime with increasing Er concentration was observed
Time (usec) for all the series.

FIG. 3. (a) Decay curves of photoluminescence from Si measured at the . The EF* PL decay (_:urve detected at 0'_81 _eV IS_ shown in
maximum of the spectra in Fig. 1b) Er concentration dependence of the 9. 4 for the sample witllls;=5.5 nm. The lifetime is about
decay curves for the sample withy=2.7 nm. The Er concentration is var- 5 ms. The lifetime became slightly long with decreasing the
ied from 0 to 0.11 at. %. size(as listed in Table)l However, it is not clear whether it

is really a size effect or it is related to sample preparation
decay curves are nonexponential. The PL lifetime becomegarameters, e.g., Si concentration and annealing temperature,
shorter as the size decreases. Figut® 8hows Er concen- which are changed to control the size. The lifetime was al-
tration dependence of thec-Si PL decay curves for the most independent of the Er concentration.
sample Withdsi:2.7 nm. As the Er concentration increases, The EF'*' PL decay curves at 0.81 eV immediate|y after
the lifetime becomes shorter. The decay curves were wefhylsed excitation ohc-Si hosts are shown in Fig. 5. The
fitted by the modified stretched exponential function, WhiChpu|Se width is 5 ns. We can clearly see the PL delay for all
is generally used to analyze the decay curves of porof% Si.samples. The PL delay becomes remarkable as the size of
The lifetime obtained for the sample not containing Er isnc-S;j increases. We roughly estimated the rise tirag by
about 79us, while that for the sample with the largest Er the fo||owing procedure_ The slow decay part (4Q§)<t
concentration is about 4is. The shortening of the lifetime <1 ms) of the data was first fitted by a single exponential
of the host (1c-Si) PL with increasing Er concentration im- function, and then the fitted function is subtracted from the
plies that the energy transfer is mediated by photogenerateskperimental decay curve. The resultant data were not a
excitons, i.e., not due to the absorption of light emitted bysingle-exponential function. We thus tried to fit the curve
nc-Si. In other words, energy transfer to*Eris a preferen- again by a stretched exponential functiomg(t)=1
tial nonradiative recombination channel foc- Si. As will be — 1, exp{— (/79 2. The data could be well fitted by the
discussed later, the shortening of the lifetime is mainly due tqunction. Although there is no theoretical model which indi-
“nonresonant” energy transfer. The contribution of “reso- cates that the rising part will be a stretched-exponential func-
nant” energy transfer is rather small. tion, it is convenient to quantitatively estimate the size de-

In Fig. 3(b), the reduction of the decay time by Er dop- pendence of the rise time. The possible reason for the

ing is rather small. It is worth nothing that the small redUC-deviation of the rising part from a Sing|e-exp0nentia| func-
tion does not mean that the energy transfer to Er occurs on a

timescale similar to that of the radiative exciton recombina-TagLE I. Radiative recombination time of excitons irc-Si(rg), lifetime
tion process. If the decay curve reflects only the radiativeof the lowest excited state of Ei(rg), rise time of E?* PL after pulsed
exciton recombination process, this argument seems to bcitation ofnc-Si hosts s, and energy transfer timerf;).

correct. However, PL decay curves of pureSi in Fig. 3

0.04

Intensity (Normalized)
o

o

.. . . . dg; (nm) TR (uS) e (19) Tiise (1£9) 71 (19
reflect not only the radiative exciton recombination process
but also non-radiative recombination processes. Therefore, g; ;g; 7;88 ;"-1 ;1
only from thenc-Si decay curves, the timescale of the energy a1 By 2500 l‘f 3;
transfer cannot simply be discussed. As will be shown later, g 990 5000 38 115

the energy transfer time can be estimated from PL rise time
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process? In the following discussion, to simplify the prob-
lem and to extract important parameters from the observed
£ PL (at 0.81 oV)] dec_ay curves, we will make the following assumptiofi:
293K i excitation pulse is so short that no energy transfer occurs
6 4 during the pulsed excitatiorii) excitation pulse is so weak
that most of the Er atoms are not directly excitéd,) that
nonlinear effects do not occur imc-Si, and(iv) there is no

1 energy back transfer process. The first assumption is valid
:: j because the pulse widitd ng is apparently much shorter

I than the observed PL delay. The second assumption is also
6

valid because in the same experimental conditiofi’ BRL
was not observed for the sample not containiregSi. Fur-
thermore, the intensity afic-Si PL was in proportion to the
excitation power. The last assumption is also possible, be-
cause we observed almost no temperature quenching®of Er
PL.

In the present samplesc-Si are isolated from the oth-
ers by SiQ barriers 4—5 nm in thickne$4.Thus, diffusion
of carriers betweemc-Si does not occur. In this situation,
nc-Si can be classified into two categories, irec; Si with

—_
O _©
T

?

Intensity (Arb. Units)

19- M no nonradiative centers and those with at least one such cen-
8 1 ter. The PL lifetime of the formenc-Si is equal to the ra-
;: diative recombination times(g) of excitons innc-Si, while
27nm that of the latter one is expressed as /(¥ 1/7\g), where
T L ] 7R 1S the lifetime of nonradiative recombination of excitons
0 100 200 300 400 500 in nc-Si and is generally much smaller thag. The number
Time (psec) of excitednc-Si having no nonradiative recombination cen-

ters[Ng;_g(t)] and that having nonradiative recombination

FIG. 5. Decay curves of Bf PL just after the pulsed excitation ofc-Si centery NS'—NR(t)] can be expressed as
hosts. The size afic-Si is varied from 2.7 to 5.5 nm and the Er concentra- !

tion is fixed at 0.11 at. %. 1
NSiR(t):NgiReXp{ _(T_R)t]’ 1)
tion will be discussed in the next subsection. The estimated
values ofr, are listed in Table I. o 1 1
The PL delay was observed for all the samples contain- Nsi-nr(t) =Nsi-nr € TR TR ok @

ing bothnc-Si and Er. Within the present sample preparation 0 0 . )
condition, the delay time depended only on the size®®i, ~ WhereNs._g andNs;_yg are the number of excitedc-Si at
but did not depend on the Er concentration. This Er concent="0- Thenc-Si PL intensity is

tration insensitiveness seems to suggest that, on average,

each nanocry;tal can interact with less thap orié Bven in lg(t)oc— _[NSiR(t)+ $NSFNR(U ., (3

the sample with the highest Er concentration. If Er concen- ot Urgt myg

tration is further increased, the number of Ewhich can 1

interact with one nanocrystal will exceed one. This might o« [NgiReXp

change the properties of the interaction, and the effect should N +( Urg ) 0

appear on the rise time. Detailed theoretical consideration is SERU Urg+ Unyg) SR

required to further discuss this problem. However, this is out 1 1

of the scope of this article. { _(_ t} +N(S)iNRexp{ Y (T t} . (4
In all the spectra, we can see a very fast component after R TR TNR

the pulsed excitation; this component is faster than the sys-
tem response time. The component was observed for t
sample not containing Er, suggesting that the componept . he energy transfer timer{;) is considered to be much
not related to Er and is a background signal. A very S|m|larIarger thanmys, because the sum of the intensities of the two
fast decay compon?nt was obgerved for the PL decay curvs. peaks(nc-Si PL and E?* PL) is almost independent of
of Er-doped bulk S¥, but the origin of the fast component Er concentration; ifrr,<7\g, the total intensity should in-

was not identified. crease with Er concentration. Furthermorg, is smaller
than 7z, because the energy transfer is the preferential re-
combination channel for excitons in Si nanocrystals. There-

Here, we analyze the observed PL decay curves. Théore, the following relation holds between the three param-
time evolution of Ef luminescence is a very complicated eters:

In Er-doped samples, a new nonradiative recombination
rocess, i.e., the energy transfer process, should be added.

C. Analysis of the PL decay curves
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TNRE T <TR- 5 1
" .Tr R. . - i © Nsi-r()=(Ng_g— NgiEr)eXp{ —(—)t], (6)
Equation(5) indicates thahc-Si which originally do not R
have nonradiative recombination centers can transfer energy
to Er, and those having nonradiative recombination centers Ne_e1)=N2 . expl — i+ i i &
do not participate in the energy transfer process. Under this S Ef Si—&r I

simple approximation, the number of excited-Si which
shows exciton recombination HINg;_g(t)] and which can  where Ngi,Er is the number of excitechc-Si which will
transfer energy to Bf [Ngi_g(t)] can be expressed as transfer energy to Br. Thenc-Si PL intensity is

1

1/TR
(NS~ N§i-g) + (m) NSi-et (

Isi(t)ox Ure

1/TT|—+ 1/TNR

+ Ngi_Erexp[ —(i+ i)t]
TR TTr

0
Si—NR

X t

1
(N(S)i—R_ N(S)i—Er)eXp‘ - (T_

R
+N2 S
Si—NR X TR .

In this equation, we can see that, with increasing Er con5, the observed data are the superposition of the data from
centration, the contribution of the second term increases, rdaifferent sizes ofnc-Si. Therefore, even if each process is
sulting in the shortening of thac-Si PL lifetime. This is  expressed by a single-exponential function, the actual data
consistent with the experimental results shown in Figp).3 should deviate from a single-exponential function.

In Eqg. (8), only the second term is related to the excitation  To roughly estimatery,, we adoptr,s. in Table I. The
process of Ef". If one nc-Si excites one Ef, the number  values ofrg are obtained from the slopes in the tail region of

®

of excited EF* will be the decay curves in Fig(8), because the first term of E®)
1 decays very slowly. The values @f, can easily be estimated

Ng (t) :[NgiiEr_ NSi—Er(t)]eXP[ _ (_) t] , (9) from deg:ay curves. The estimated values@t, 7, 7 and
TEr 71, are listed in Table I. We can see that becomes smaller

with decreasing the size. Furthermorsg, is always much
smaller thanrg.
Although not shown here, the energy transfer time was

where r¢, is the lifetime of the lowest excited state of*Er
The derivative of this equation gives the decay curve &f Er

PL almost independent of temperature. On the other hand, radia-
1 tive recombination time of excitons imc-Si increased with
ledt)cNg_g | — T 1 1 decreasing the temperatffe?° Therefore, in the whole tem-
—+—+— perature range studied in this work, energy transfer is the
R TEr preferential process for excitons irc-Si.
1 1 1 It is noted here thaty, is the sum of the energy transfer
Xexp[ - T_R + T_Tr + T_Er t] time and the time necessary to relax from the higher excited

states {11, or %lg,) of EF" to the lowest excited state
1 1 (“l 137). We tried to extract the relaxation time by directly
+ e exp ~ e tet- (10 exciting the third excited statél(,). However, the time was
shorter than our instrumental limit. Thereforg, estimated
in the above purely reflects the energy transfer time.

The first term of Eq(10) expresses the increase in the
intensity of the PL after pulsed excitation with the time con-
stant 1fge= 1/7g+ 1/m,+ 1/7g,, and the second term ex-
presses the intensity decrease with the time constaniThe Before discussing the observed PL properties, we sum-
term 71, can thus be estimated fromse, 7 and 7g;. marize PL properties of bulk Si crystal ama-Si not con-

As discussed in the previous subsection, the rising pariaining Er. Bulk Si crystal is an indirect gap semiconductor
of the decay curves could not be fitted by a single-with the conduction band minima in the vicinity of thé
exponential function. In this respect, E40) does not prop- points of the Brillouin zone(A minima). Momentum-
erly express the experimental data. This discrepancy seene®nserving phonons thus participate in the optical transition.
to arise from size distributions ofc-Si.?* Since the rise time  In general, TO phonon-assisted transition is the most domi-
depends on the size afc-Si as clearly demonstrated in Fig. nant in the PL, and the nonphon@dP) transition probabil-

IV. DISCUSSION
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ity is negligibly small. This fundamental property of Si is (not at 1.26 eV implies that, in contrast to the radiative
preserved even for particles smaller than 10 nm. Inrecombination of excitons, momentum conserving phonons
nanometer-sized crystals, excitons are confined in a spac® not participate in the energy transfer process. In other
compatible or smaller than the Bohr radius of free excitonsvords, photoexcited excitons recombine without emitting a
in bulk Si crystal. This confinement increases the uncertaintynomentum conserving phonon and transfer the recombina-
of their quasimomentum, thus allowing NP optical transi-tion energy to Et". Only phonons in the center of the Bril-
tions. The ratio of the NP to phonon-assisted transition idouin zone can participate in the process to satisfy the energy
studied as a function of a confinement enéfyhe ratio is  conservation rule.

estimated to be around several % for the sample with Similar to the excitation to the second excited state, that
=5.5nm, and around several tens of % flay=2.7 nm. The  to the third excited state*(y,) is possible. In that case, the
increase in the NP transition rate with respect to the phononPL features appear at

assisted one results in the shortening the radiative lifetime of
nc-Sij.2426:27 AEgp_15/7F Er(o)XN—Ex(10)» (12

PL spectra under the nonresonant excitation are Veryhere AEq,_,q, is the energy separation between the third
broad and featureless. This inhomogeneous broadening @fcited state and the ground state. The energy position of the
the PL band is mainly caused by the nanocrystal size anflgriggic features in Fig. 2 can be reproduced by the formula
shape variation. The inhomogeneous broadening can Beag. . ... is 1.53 eV, which is close to the value reported
lifted by_ re§0nant PL spectroscopy; (_)nly the particles having,, Er-doped glassé€~3LCompared to the energy transfer to
the excitation threshold at the near-infrared laser energy afge second excited state, the PL features are ill defined. The
selectively excited. In purac-Si, resonant PL SPeCtroscopy gjze of particles emitting light in this region is smaller than
has been widely used to study the nearly homogeneous spegjpse around 1.26 eV. The smaller size leads to the larger
tral shape, and some features corresponding to TO and Thyopapility of NP recombination of excitons. This means
momentum-conserving phonons are obsel_?\?eSJmna_rly, that, in addition to the spectral positions that satisfy @@),
by a h.oIe burning technique, only the particles having thegaatures would appear AtEq;_15/5+ (o)X n. The overlap
excitation threshold larger than the pump laser energy args these features and the broadening of the phonon structures

selectively suppressed. The suppressed spectrum is demqyy; e sjze effectéphonon confinement effedtare consid-
strated to coincide with the resonant PL spectfim. ered to be responsible for the ill-defined structures.

The features observed in Fig. 2 can be regarded as akind |+ is worth noting that the PL spectra ofc-Si become
‘?f hole *?””"”9 Spectroscopy. PLfror_n_:—S| with some par-  yeak in a whole spectral range with increasing Er concen-
ticular Sizes are suppressed by exciting Eby the energy tration, i.e., not only the spectral positions that satisfy Egs.
transfer. First we analyze the features around 1.3 eV. Thgﬂ) and (12) but also other regions in broad PL bands of
positions of the features are close to the energy separatigi-._s; are quenchet?*® Furthermore, the area of the ob-
b4etween the 5fcond excited stalti, (/) and the ground state  gopyeq dips was less tharl% of that of Er PL at 5 K. These
(“l1gp) of EF (AE11r2-155=1.26 V). This suggests that j,icate that there is a dominant nonresonant energy transfer
the energy transfer is made to the second excited state. HoW;qcess in addition to the resonant one. The energy conser-
ever, the value 0AE;y/,_15),1S slightly larger than the onset \a4on rule during the energy transfer is satisfied not only by
of the lowest energy PL feature, i.e., the lowest energy neggsnitting T'(O) but also by emitting various combinations of
tive peak in the derivative spectta.2 eV, see Fig. R This  ,tical and acoustic phonons with the total momentum of
discrepancy can be explained by considering the indirecler However, the observation of cleBitO)-related dips

band gap nature afic-Si. As mentioned in the above, the jgicates that, among various procesd&€)) emission one
dominant radiative recombination processnaf Si as large s the most dominant in the energy transfer process.

as 5 nm in diameter is the TO phonon emission one. Since |, Er-doped bulk Si crystal, the excitation of ¥ris

TO phonon energy ad minima [Exr)] is 57 meV, the  aqe 1o the first excited statél(s;). Since the lifetime of
feature at 1.20 eV corresponds to the exciton with the recomy,q state is very long, the relaxation of excitedEby the
bination energy of 1.257 eV. This value agrees Wel! with thatphonon-assisted re-excitation of host(8hergy back trans-
of AEyy/,_15> Therefore, the appearance of the dip at 1.20iy js possible at relatively high temperatures and is one of
eV implies that the exciton with the recombination energy ofihe major nonradiative relaxation processes at room tempera-
1.257 eV recombines and resonantly excneg“ﬂhgz state.  yyre. In the present samples, excitation ot'Bs made to the
The PL features appear periodically with & period ofgecong or third excited states due to the large band gap. Er
about 64 meV, which corresponds to the optical phonon engyited to these higher states is considered to relax promptly
ergy of Si at thd” point[Ep()]. This indicates that excitons ¢, the |owest excited statéfls;,) before the energy back
with the recombination energies %f 1.26€¥10)Xn (N yransfer occurs. The probability of the back transfer from the
=0,1,2) can also resonantly excite’Emwith the assistance |o\yest excited state toc-Si is negligibly small even at room
of the I" point optical phonon$I’(O)] to satisfy the energy emperature due to the large energy mismatch. This may re-
conse_rvation rule. Therefore, periodic features appear at thg it in the extremely small temperature quenching of the PL
energies of observed previousf?
1.26 eV Ero) X N—Eyro) - (11) Frefa _excitons in_ bulk Si crystal cannot _recombine with-
out emitting/absorbing momentum-conserving phonons due
The fact that the suppression of the spectra starts at 1.2 e its indirect band gap nature. In the case of Er-doped bulk
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Si crystal, recombination energy of free excions is not di-ergy back transfer process small, resulting in the small tem-
rectly transferred to Ef, but the energy transfer is mediated perature quenching of the PL. Furthermore, the increase in
by Er-related trap centers® An exciton generated in Si is the uncertainty in the crystal momentum relaxes the momen-
first trapped at an Er-related level about 0.15 eV below théum conservation rule during the energy transfer process and
bottom of the conduction band. The localization of an exci-realizes the higher energy transfer rate.

ton in a small space partially breaks the momentum conser-
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