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Energy transfer between shallow centers and rare-earth ion cores: Er3¿ ion in silicon
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Two-color optical spectroscopy is used to directly manipulate shallow levels available in Si:Er samples of
different parameters. It is observed that the excitation energy provided by a laser operating in the visible can
be temporarily stored by trapping photogenerated carriers at shallow centers available in the material. Subse-
quently, this energy can be transferred to the 4f -electron core of the Er31 ion in a trap ionization process
induced by a mid-infrared pulse from a free-electron laser. In that way, Er-related luminescence at 1.5mm can
be generated by an infrared pulse applied within several milliseconds after the band-to-band excitation pulse.
By scanning the wavelength of the free-electron laser, ionization spectra of the shallow centers participating in
the energy transfer are obtained, allowing for their identification. On that basis, the involvement of thermal
donors is suggested. The results demonstrate that excitation of Er ions in Si is a multichannel energy transfer
process where shallow centers play an important role.
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I. INTRODUCTION

Properties of erbium-doped silicon receive much attent
due to photonic potential of this material. However, in sp
of extensive investigations, the available information on
energy-transfer processes taking place in Si:Er is mostly p
nomenological and their understanding remains rather sp
lative. Yet only full control of the excitation and de
excitation paths available to the rare-earth~RE! ion Er
imbedded in a semiconductor Si matrix will allow for opt
mization of emission intensity and its thermal stability. Co
sequently, it is these fundamental aspects which will be
terminative to the event of versatile silicon photonics ba
on Er doping.

The current information on the specific excitation mech
nism of Er ion in silicon has been almost exclusively ga
ered from investigations of the thermal behavior of photo
minescence ~PL! intensity and lifetime. These
nonspectroscopic experiments are rather indiscriminate
obtained information is not very specific, as different ener
transfer processes are simultaneously activated and the
dividual contributions entangled. The situation is furth
complicated by multiplicity of Er-related optical centers
Si,1 which are very likely to differ also in details of the
energetic coupling with the host material. This is in a striki
contrast to another semiconductor:RE system InP:Yb.
generation of Si:Er luminescence different mechanisms h
been put forward;2 these include exciton binding,3,4 recom-
bination of an electron bound at an Er-related donor cent5

and impact with hot electrons.6 Also a possibility of partici-
PRB 610163-1829/2000/61~8!/5369~7!/$15.00
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pation of the higher-lyingD28 conduction subband has bee
considered.7 None of the proposed mechanisms could
supported by spectroscopic data, however.

Recently, two-color spectroscopy with a tunable fre
electron laser~FEL! operating in the mid-infrared~MIR! has
been successfully applied to investigate the energy-tran
process between the 4f -electron shell of an Er31 ion and
silicon host. An intense MIR pulse of a chosen waveleng
power and timing is used to selectively address shallow l
els available in the material. In that way levels participati
in the Er-related energy-transfer path can be distinguished
the FEL-induced changes of the Er photoluminescence g
erated by band-to-band excitation with a second laser o
ating in the visible. The experiment showed that the exc
tion mechanism could be disrupted by the MIR pulse wh
applied shortly after the visible laser pulse. In that way
existence of a two-stage excitation mechanism for an E31

ion embedded in silicon host has been explicitly show8

Based on the quenching magnitude, lifetime of the state
termediating the energy transfer was estimated as appr
mately 100 ms.8 We note that such a long value is not e
pected for states whose lifetimes are controlled by Au
recombinations; rather it seems typical for excitons bound
isoelectronic impurities. If Er excitation would proceed e
clusively via the intermediate state, its lifetime should cor
spond to the transfer time determining the rise of PL sig
intensity upon the excitation pulse. In experiments p
formed with a fast detector which reproduces the true ti
development of the PL signal, Taguchiet al. reported the rise
time in the studied material to be much shorter.9 Moreover,
5369 ©2000 The American Physical Society
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5370 PRB 61T. GREGORKIEWICZet al.
recent experiments show no MIR-induced quenching
oxygen-rich Si:Er samples containing exclusivelycubic Er
center. These different results can be reconciled if we ass
that Er can be excited by a variety of ways, each charac
ized by different transfer rates. An important question the
fore arises on the uniqueness of the Er excitation path an
particular, whether participation of an intermediate st
forms always a significant step in the excitation process.

In this contribution we present evidence that PL of Er
Si can be generated using energy stored at shallow ce
available in the material and not necessary related to Er
that way the multiplicity of the energy-transfer paths lead
to excitation of an Er31 ion in silicon is illustrated.

II. EXPERIMENTAL DETAILS

The experiments have been performed at the Free E
tron Laser for Infrared eXperiments~FELIX! users facility at
the FOM Institute for Plasma Physics ‘‘Rijnhuizen’’ in Nieu
wegein, The Netherlands. MIR pulses of approximately 5-ms
duration and up to approximately 5-mW power have be
used. For spectroscopical measurements the wavele
lFEL was varied within 7.5–17-mm range. For band-to-ban
excitation the second harmonic of a pulsed Nd:YAG la
operating atlYAG5532 nm or a cw solid-state laser wit
lDIODE5820 nm were used. The signal was detected wit
germanium detector~North Coast,t'75 ms) through a
narrow-band pass filter tuned to the Er-related emission
lEr51.54 mm. All the reported experimental data were o
tained for samples placed in a helium gas flow cryosta
cryogenic temperatures between 4 and 40 K. More details
the experimental setup for the two-color spectroscopy w
FEL can be found in Ref. 8.

While the effect of the MIR-induced Er PL was found
be omnipresent in a large variety of differently prepared m
terials, two particular samples, representing two differ
classes of Si:Er materials, have been chosen for the pre
study. One sample was low-energy~320 keV! Er implanted
oxygen-rich p-type Cz-Si. The sample was further coim
planted with oxygen and annealed at 650°C for 30 follow
by 15 min at 900°C. The PL spectrum of the sample c
tained predominantly the cubic Er center. The second sam
was prepared from FZn-type (@P#'631015 cm23! oxygen-
lean material by Er implantation~1100 keV! at an elevated
temperature of 500°C. No coimplants have been used an
further heat treatment has been applied. Deep level trans
spectroscopy~DLTS! measurements revealed presence
donor centers with ionization energy of approximately 2
meV. The PL spectrum was dominated by noncubic com
nents. Several samples with different implantation do
were tested; a sample with the maximum PL intensity
been chosen for detailed investigations.

III. EXPERIMENTAL RESULTS

The current study is based on an observation that the M
pulse applied with a considerable delay to the~visible laser!
excitation pulse generates additional PL signal at the wa
length characteristic for Er emission. The effect is illustra
in Fig. 1. It was observed in all the investigated materials
4–40-K temperature range. The lowest solid trace sho
n

e
r-
-
in
e

ers
In

c-

n
gth

r

a

at

t
n

h

-
t

ent

d
-
le

no
nt
f

-
s
s

R

e-
d
n
s

time development of the PL signal generated in the oxyg
rich sample by a nanosecond pulse of the visible light from
Nd:YAG laser. From the decay of the PL intensity lifetim
of the 4I 13/2 excited state of Er31 ion is determined as ap
proximately 1.2 ms. The upshifted curves show PL respon
when an MIR pulse (lFEL512.5 mm) is also applied on the
sample at different delays in respect to the band-to-band
citation pulse. As can be concluded, MIR light genera
additional PL signal of considerable intensity. Within th
experimental error the decay time of the MIR-induced PL
identical to that of the signal generated by the band-to-b
excitation. This feature, in addition to the characteris
wavelength, identifies the MIR-induced PL as Er relate
Consequently, we conclude that the MIR pulse from F
leads to an increase of the excited Er concentration,
therefore activates Er excitation mechanism. The magnit
of the effect depends on the particularities of the sample
the oxygen-lean sample it is considerably smaller than
Cz-Si. It also depends on delay timeDt between the visible
and the MIR pulses; under the chosen experimental co
tions the effect initially grows, attains a broad maximum f
Dt'3 –5 ms, and gradually diminishes to zero forDt
*30 ms. We note that the MIR-induced Er PL can be o
served exclusively when the FEL pulse is preceded by
visible laser excitation: the MIR pulse applied prior to th
band-to-band excitation does not generate any PL.

The experimentally obtained wavelength dependence
the magnitude of the MIR-induced Er-related PL, scaled
an identical number of photons per pulse at every wa
length, is shown in Figs. 2~a! and~b! for the oxygen-rich and
oxygen-lean samples, respectively. A clear difference
tween the results for both samples is concluded. The effec
the MIR-induced PL has also been investigated under co
tions of continuous band-to-band excitation with a solid-st
laser; the wavelength characteristics obtained in that cas
also included in Fig. 2~a!. Comparing both data sets in Fig
2~a! we conclude that the wavelength dependence rem
identical regardless of the excitation regime, while the m
nitude of the effect is larger under cw illumination.

FIG. 1. Illustration of the MIR-induced Er PL generated wi
lFEL512.5 mm in Cz-Si:Er for different delay times.
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Also the MIR power dependence of the additional Er e
citation has been investigated and is illustrated for b
samples in Fig. 3. It was found to be different for pulsed a
cw excitation. Figure 3~a! presents data obtained for bo
samples under condition of pulsed band-to-band excitat
the effect is initially linear and saturation sets in for high
power values. Experimental data could be successfully fi
with a formula I PL5c1I FEL /(11c2I FEL), where I FEL is
FEL power andc1 andc2 are fitting parameters. In contra
to that, the MIR-induced PL obtained for a cw band-to-ba
excitation—Fig. 3~b!—shows practically no saturation ove
four decades of FEL pulse power and is found to follow t
square-root dependenceI PL;AI FEL.

FIG. 2. Wavelength dependence of the magnitude of the M
induced PL for an oxygen-rich~a! and an oxygen-lean~b! sample.
Solid lines represent numerical fits obtained with Eq.~1!. See text
for discussion.
-
h
d

n;
r
d

d

IV. DISCUSSION

A. Proposed mechanism of MIR-induced PL

From the experimental data obtained in the presen
study we conclude that the Er related emission can be g
erated with a light pulse in the mid-infrared range. Since
smallest energy necessary for generation of the4I 13/2 Er31

state responsible for the luminescence is approximately
meV, and therefore much larger than the MIR quantum
ergy of 70–170 meV, it seems plausible to assign the ef
to a multiple photon absorption. However, the experime
show that the band-to-band excitation proceeding the M

- FIG. 3. Power dependence of the magnitude of the MIR-indu
PL for the oxygen-rich (h) and the oxygen-lean (j) sample under
conditions of ~a! pulsed (lYAG5532 nm) and~b! cw (lDIODE

5820 nm) band-to-band excitation. The experimental data are
ted with the formulasI PL5c1I FEL /(11c2I FEL) and I PL5cAI FEL

for ~a! and ~b!, respectively.
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pulse constitutes a necessary condition for the effect to
cur; the additional PL is not observed when the FEL puls
applied prior to the Nd:YAG laser pulse. We can therefo
exclude direct multiphoton absorption by Er31 ions ~or by Si
matrix! as a possible excitation mechanism and conclude
the energy provided by the excitation in the visible is sto
away for some time and is then transferred to Er ions u
application of the MIR pulse. The energy storage can
realized either by exciton localization or by carrier capture
shallow centers. In either case, these might then be rele
by a subsequent MIR pulse and become available for rec
binations at the Er-related traps, leading to the Er core e
tation. The localization energy must be sufficiently small,
that the process can be activated by the MIR. Such an e
is in its appearances similar to thermoluminescence, w
carriers bound to various defects have a considerably l
lifetime and can therefore be thermally reactivated to
band becoming thus available for radiative recombinatio
Consequently, in order to account for the effect of the MI
induced Er PL, we propose a similar mechanism, as depi
in Fig. 4. Free carriers excited by the visible light under
various recombinations, some of which result in Er exci
tion, giving rise to luminescence. In strongly defected ma
rial, however, many carrier trapping centers will exist, t
majority not being Er related and therefore not contribut
to Er PL. These, on the contrary, provide alternative ch
nels of~mostly! nonradiative recombinations. Some of the
will serve as efficient recombination centers, while oth
may have longer lifetimes. The intense MIR pulse appl
shortly after the excitation might ionize the long-living trap
The free carriers and/or excitons generated in that way m
be recaptured at Er-related centers capable of Er31 core ex-
citation. Consequently, additional PL will appear, with
magnitude governed by the concentration, capture cross
tion, and lifetime of relevant traps.

B. Wavelength dependence

In contrast to the indiscriminate character of thermal
citation responsible for classical thermoluminescence,
monochromatic MIR beam allows for a selective and ind
pendent addressing of shallow traps available in the mate
According to the proposed mechanism, the wavelength
pendence of the magnitude of the effect—see F
2—corresponds to the ionization spectrum of dominant tr
contributing to the energy storage process. It has b
shown10 that the photoionization cross sections of a trap
can be described as

FIG. 4. Schematic illustration of the proposed mechanism
sponsible for the MIR-induced Er31 excitation.
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s5const•
~hn2ED!3/2

~hn!312g
, ~1!

wherehn and ED correspond to the energy of the ionizin
beam and the ionization energy of the trap, respectivelyg
parameter (0<g<1) depends on the particular form of th
binding potential and isg50 andg51 for the d-like and
Coulomb potentials, respectively. Equation~1! gives a rather
broad and featureless wavelength dependence, with an o
corresponding tohn5ED , and a maximum athn5 10

7 ED
andhn52ED for the delocalized and localized binding po
tentials, respectively. Comparing the wavelength depend
cies obtained experimentally for the oxygen-rich a
oxygen-lean samples we conclude that different traps are
sponsible for the MIR-induced excitation of Er in these m
terials. While for both samples PL intensity exhibits a simi
growth for the largest energy quanta, the ionization spectr
in Cz-Si has also a broad maximum at a smaller energy, w
an extrapolated onset at approximately 60 meV and a br
maximum around 90–100 meV. Following our interpretati
we conclude that the trap responsible for the MIR-induc
PL is in that case characterized by an extended binding
tential and an ionization energyED1'60 meV. This value
falls well within the range of ionization energies of typic
shallow effective-mass-theory centers in silicon. The obs
vation of a shallow oxygen-related center participating in
energy-transfer processes pertinent to Er core excitatio
spectroscopic evidence of influence of oxygen on the opt
activity of Er in silicon. The experimentally measured io
ization cross sections show a very pronounced increase
the largest energies of the MIR beam. We assign this fea
to a deeper trap characterized by a binding energyED2
'100–120 meV and, most probably, by a more localiz
potential. This trap is apparently identical in both inves
gated materials, and is likely to be introduced by the Er
itself. Alternatively, it could represent an inherent feature
silicon matrix revealed here via its influence on Er exci
tion.

Finally, we note that although the MIR radiation pe
etrates the whole sample~and not only the thin subsurfac
implanted layer as is the case for the visible pulse!, the de-
tection of its effects proceeds only via Er-related emissi
Therefore this particular form of ionization spectroscopy
exclusively sensitive to centers which are capable of tra
ferring their energy to Er ions; this is likely to be easier f
centers located in direct vicinity of Er ions, rather than in t
bulk of the sample.

C. Power dependence

The integrated intensity of the additional PL signal is pr
portional to the number of Er31 ions which attain the excited
state following the MIR pulse. On the other hand, the ope
tional power of FEL determines the actual number of ph
tons contained in the MIR pulse. Therefore the linear pow
dependence of the MIR-induced PL intensity experimenta
found in case of pulsed excitation implies that there ex
also a proportionality between the number of MIR photo
and number of additional recombinations leading to Er ex
tation. We conclude that the trap ionization due to MIR ph
ton absorption leads to a release of an exciton~bound-to-free

-
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exciton transition! or that the carrier~an electron or a hole!
ionized from the trap can recombine with carriers of the o
posite charge available in the material. In both cases
intensity of additional PL will increase linearly on MIR
power until, at high densities of MIR photons, the saturat
effect will set in, as the number of populated traps becom
exhausted. As evidenced by Fig. 3~a!, this scenario is fully
consistent with the experimental data obtained for b
samples under conditions of band-to-band excitation wit
pulsed laser operating in the visible.

The situation will be different under conditions of co
tinuous illumination~cw! with the solid-state laser. In thi
case all the centers, related and unrelated to Er, attain e
librium concentrations as excitation and recombination p
cesses balance each other. Application of the MIR radia
under cw illumination will ~temporarily! block recombina-
tion channels involving shallow impurities by ionizing them
at the same time other recombination paths will be promo
Such an effect will be somewhat similar to that observ
under application of the microwave field. In view of an ev
dently very long lifetime of centers involved in the mech
nism investigated here, we might assume that these le
will be completely filled under conditions of continuou
band-band excitation, thus resulting in carrier storage. G
eration of extra carriers in the band by the FEL will resem
generation of electron-hole pairs across the band gap,
the recombination kinetics being bimolecular:dnpimp
;I FEL anddn5pimp , wherepimp corresponds to concentra
tion of empty traps, anddn is the ‘‘additional’’ concentration
of free electrons generated to conduction band by MIR p
ton absorption~we have implicitly assumed here the traps
be donors!. This is clearly different than in the previousl
considered situation under pulsed excitation, where we
dn!pimp . If we now consider that the application of th
MIR pulse is a small perturbation of the equilibrium situati
determined by the cw laser, the additional MIR-induced
PL will be proportional to the productdnp ~wherep is the
number of holes generated by the primary beam!, and thus to
AI FEL, in agreement with the experiment.

We can more rigorously describe the equilibrium situat
using the excitonic mechanism developed for Si:Er.11 Since
the experiment was done at a liquid-helium temperature,
shall assume that practically all electron-hole pairs exc
by visible light are bound into free excitons and that conc
trations of free electrons and holes are very low. Free e
tons migrate and are captured by neutral donors induce
erbium complexes. We further assume that there exist
types of capture centers one of which does not activate
bium ions~we shall designate it as ‘‘nonactive’’! while the
other produces excitation of erbium luminescence~‘‘ac-
tive’’ !. Under stationary conditions of erbium pumping t
equilibrium situation will be reached. The appropriate set
rate equations will read

dnx

dt
505G2ncombnx , ~2!

dnbxn

dt
505ncnnx2nLnbxn , ~3!
-
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dnbxa

dt
505ncanx2n trnbxa , ~4!

dN*

dt
505n trnbxa2nN* , ~5!

where nx , nbxn , nbxa , and N* are concentrations of free
bound nonactive, and bound active excitons and excited
ions, respectively,G is the electron-hole generation rate b
the cw operating laser diode,ncn and nca are the capture
coefficients of free excitons by nonactive and active dono
respectively,ncomb is the total capture coefficient of fre
excitons (ncomb5ncn1nca), n tr is an energy-transfer coeffi
cient from active bound excitons to Er ions,n tr

21 is the life-
time of the active bound exciton relative to Auger excitati
process,nL

21 is the lifetime of the nonactive centers, andn21

is the lifetime of an Er ion in the excited state. This set
rate equations yields

nx5Gncomb
21 , ~6!

nbxn5Gncomb
21 ncn

nL
, ~7!

nbxa5Gncomb
21 nca

n tr
, ~8!

N* 5Gncomb
21 nca

n
, ~9!

with the intensity of erbium luminescence being given
I PL5N* /tR , wheretR is the radiative lifetime of the excited
state of Er31 ion.

If we apply a short pulse of a free-electron laser, a cha
of erbium luminescence intensity occurs. We assume that
only quantity which can be seriously influenced by the fre
electron laser is the capture coefficientncn , sincen tr andn
cannot depend on the absorption of MIR light andnL is not
connected in any way with excitation of Er. Guided by t
experiment, we assume further that only nonactive cen
are influenced by absorption of MIR light while its energy
too low to induce changes in the capture coefficient of act
centersnca .

In fact,

ncn5scN0VT , ~10!

wheresc is the capture cross section,N0 is the concentration
of neutral donors~nonactive centers!, VT is the thermal ve-
locity of free excitons. Since the capture time of carriers
donor levels is short (;ns! in comparison to the duration o
the FEL pulse, we assume that the equilibrium between fr
electron and ionized donor concentrations is established
that case, on application of the free-electron laser pulse
concentration of neutral donors changes according to a
netic equation:

ddN0

dt
52I FELd~ t2t1!s IRN01gdndN0

52I FELd~ t2t1!s IRN01g~dN0!2, ~11!

whereI FEL is the intensity of a free-electron laser applied
t1 , s IR is the cross section of MIR light absorption by ne
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5374 PRB 61T. GREGORKIEWICZet al.
tral donors, anddn anddN0 are the FEL-induced changes
the conduction-band electrons and nonactive donors, res
tively. Absorption of MIR light will decrease concentratio
of neutral donors and block the formation of bound excito
at nonactive centers. Assuming that the situation is quas
tionary we can neglect the derivative and solve Eq.~11! to
get

dN0'As IRN0I FELDt

g
, ~12!

whereDt is the duration of the MIR pulse. Now this sudde
rise of the concentration of free excitons induces additio
flow of excitons to active centers with a corresponding
crease of erbium luminescence intensity. These effects
be described with the same set of Eqs.~2!–~5! ~this time not
in equilibrium, as a transient signal will be created! where
the role of the excitation ‘‘source’’ is played by the term

scVTAs IRN0I FELDt

g
Gncomb

21 nL
21d~ t2t1!. ~13!

Under assumptionn tr@ncomb we will get now

N* 5A
nca

n tr2ncomb

n tr

ncomb2n

3$exp@2n~ t2t1!#2exp@2ncomb~ t2t1!%, ~14!

where

A5scVTAs IRN0I FELDt

g
Gncomb

21 nL
21 . ~15!

Such a dependence will produce an additional signal o
PL whose magnitude will be proportional to the square r
of the FEL set power. This is indeed confirmed by the e
periment over four decades of FEL pulse energies, see
3~b!, supporting the proposed model.

V. CONCLUSIONS

The presented study reveals that the excitation energy
be stored in a silicon crystal for an unexpectedly long tim
and then transferred to erbium core upon application of
MIR pulse. This observation has important implications a
vancing our understanding of the energy transfer respons
for generation of Er-related PL. In this respect, the effect
the MIR-induced Er PL under conditions of pulsed Nd:YA
laser excitation is especially important. In this case the ad
tional PL signal is generated by the MIR pulse applied w
a considerable delay~up to tens of milliseconds! in respect to
the initial excitation in the visible. Since the typically ob
served lifetimes of the excitonic centers in silicon are kno
to be significantly shorter, the MIR pulse is likely to genera
carriers rather than to release excitons. In order to prov
energy for Er excitation, the carriers ionized from shallo
traps by the MIR pulse will have to recombine subsequen
with carriers of the opposite charge, apparently available
ec-
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the material, with the recombination energy being transfer
to the 4f -electron shell of Er31 ion. Such an excitation is
then somewhat different than the one usually conside
where the localization of an exciton at a~neutral! Er-related
donor center is assumed to take place directly following
band-to-band excitation. At the same time, this scheme d
not involve hot carrier injection as in electroluminescence

Current results are also relevant for the issue of the w
documented but thus far unexplained special role of oxy
in the PL of Si:Er. As conclusively established from th
wavelength dependence, oxygen provides shallow trapp
centers active in temporal energy storage. At low tempe
tures carrier trapping at oxygen-related centers appears
to provide an alternative recombination path competing w
Er excitation. However, since the total intensity of Er PL
found to be higher in oxygen-rich than in oxygen-lean ma
rial, we conclude that the oxygen-related recombination p
apparently replaces other efficient channels of nonradia
recombination. Further, the current experiments show
the energy transfer from oxygen-related centers to Er is p
sible upon application of a MIR pulse. It is then plausib
that a similar transfer can also be induced thermally, at
elevated temperature. In that case oxygen presence w
effectively enhance the small excitation cross section of
the notorious fundamental problem of all semiconductor:
systems. Recent experiments performed on Cz-Si:Er sam
additionally implanted with oxygen revealed that the mag
tude of the MIR-induced signal comparable to the ‘‘orig
nal’’ PL generated with visible laser pulse could b
achieved. This result illustrates efficiency of the shallow tr
related excitation mechanism revealed in the current stu

While the available data do not allow for a conclusi
microscopic identification of the shallow oxygen-relat
level participating in the proposed energy transfer, it is c
tainly tempting to suggest the involvement of thermal don
~TD’s! which are known to be formed by practically any he
treatment of oxygen-rich silicon, and whose~multispecies!
first ionization donor level appears at approximately 50 m
below the bottom of the conduction band. Since genera
kinetics of thermal donors is proportional to the fourth pow
of oxygen concentration, it is possible that TD’s concent
tion in direct surrounding of Er31 ions is significantly in-
creased.
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