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Microscopic model for nonexcitonic mechanism of 1.5-mm photoluminescence
of the Er3¿ ion in crystalline Si
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Van der Waals–Zeeman Institute, University of Amsterdam, Valckenierstraat 65, NL-1018 XE Amsterdam, The Netherlands
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I. V. Bradley and J-P. R. Wells
FOM Institute for Plasma Physics ‘‘Rijnhuizen,’’ P.O. Box 1207, NL-3430 BE Nieuwegein, The Netherlands

and Department of Physics, Heriot Watt University, Edinburgh EH14 4AS, United Kingdom
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Excitation mechanisms of Er31 ion in crystalline silicon, responsible for the photoluminescence atl'1.54
mm, are reexamined in view of the new information revealed for this system by two-color spectroscopy in the
visible and the midinfrared. We argue that the appearance of the midinfrared induced emission from the4I 13/2

excited state of Er31 and the recently identified afterglow effect represent characteristic fingerprints of a
specific and so far unrecognized excitation path, different from the usually considered exciton-mediated energy
transfer. We propose a microscopic model of this mechanism, where excitation of Er31 is accomplished in two
distinct steps: electron localization at an Er-related donor level and its subsequent recombination with a hole.
These two stages can be separated in time, leading to a situation when the appearance of Er photoluminescence
is controlled by availability of one carrier type only. We propose a set of rate equations to describe this process
and show that the experimental data are well accounted for. Further, we consider potential of the nonexcitonic
mechanism for realization of efficient temperature-stable emission from Er-doped crystalline silicon.

DOI: 10.1103/PhysRevB.67.085303 PACS number~s!: 78.66.Db, 61.72.Tt, 41.60.Cr
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I. INTRODUCTION

In spite of the obvious natural disadvantage of a relativ
small and indirect band gap, silicon enjoys a renewed in
est as material for optoelectronic and photonic applicatio
In particular, encouraging results have recently been repo
for silicon-derived materials such as silicon nanocrystals
persed in SiO2 matrix,1 and SiO2 codoped with silicon
nanocrystals and Er31.2 Intense room-temperature emissio
has been obtained upon the formation of boron inclusion
crystalline silicon (c-Si) by implantation.3 Parallel to these
new concepts, research on optical doping with transiti
metal elements as a way to improve optical activity ofc-Si is
set forth. Emission from rare-earth~RE! ions is characterized
by a temperature-stable wavelength and a narrow linewi
Here Er doping is most intensively investigated. When s
con is doped with erbium, light emission due to the4I 13/2

→4I 15/2 intra-4f -electron shell transition can be observed
lEr'1.54mm. This wavelength falls in the range of min
mum losses of silica-based optical fibers used in telecom
nications. Being fully compatible with the standard VLS
silicon technology, development of Si:Er structures by i
implantation is especially interesting. Unfortunately, the
tensity of electroluminescence and photoluminescence~PL!
from RE-doped semiconductors reduces strongly upon t
perature increase. Consequently, intense room-temper
emission from devices based onc-Si:Er remains yet to be
demonstrated. It is generally believed that proper engin
ing and optimization of the energy transfer between silic
host and Er31 ion constitutes the key to the realization
0163-1829/2003/67~8!/085303~10!/$20.00 67 0853
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this goal. Ideally, the excitation process of the energy tra
fer into the RE ion core should be very efficient, while th
reversal of this process, usually termed asback transfer,
needs to be suppressed. Also other nonradiative deexcita
channels of excited Er31 ions must be eliminated. In the
past, excitation mechanism of Er31 ions in crystalline Si
has been modeled theoretically,4,5 and the recombination o
an electron-hole pair or impact with a hot carrier~reverse
biased diodes! have been postulated to be responsible
the excitation of Er31 ions in crystalline Si. Under optica
pumping by photons with energies larger than that of
silicon band gap, electrons and holes are generated in
duction and valence bands, respectively. The carriers rec
bine in an Auger process transferring the energy to
4 f -electron shell of the Er31 ion. As a result of this excita-
tion, characteristic emission due to the4I 13/2→4I 15/2 transi-
tion (E4 f'800 meV) appears with a decay constant oft1

'1 ms.6–8 The higher excited states are not directly ava
able since their energies exceed the silicon band-gap v
(EG'1170 meV atT54.2 K compared to 1240 meV nece
sary for excitation into the4I 11/2 second excited state of Er31

ion!. A model involving recombination of an exciton boun
to an Er-related donor was proposed.9 In this case, the major
part of the electron-hole recombination energy is used for
4 f -electron shell excitation and the excess energy is relea
by the excitation of the electron from the erbium-related d
nor level into the band. While such an energy-transfer ch
nel can be efficient, it requires high electron and hole c
centrations for exciton generation. This, in turn, leads
deexcitation of Er31 ions due to Auger interaction with fre
©2003 The American Physical Society03-1
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FIG. 1. Low-temperature (T54.2 K) dynam-
ics of Er-related PL signal atl'1.54 mm. The
pump excitation density was kept low to avo
saturation. MIR pulse withlFEL'10 mm was
applied with a delayDt of 2 and 80 ms. The
enhancement of Er PL is characterized by a dec
time tMIR'30 ms. In the inset, the MIR-induce
enhancement (Dt520,80,170 ms! is shown for a
sample characterized by an extremely long tim
constant oftMIR'100 ms.
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carriers. Under these circumstances, the experimentally
served saturation of Er PL for high excitation densities c
be caused by a limited concentration of optically active Er31

ions or, alternatively, can result from a competition betwe
excitation and Auger deexcitation processes.

Experimental evidence used thus far for modeling of
excitation process came almost exclusively from investi
tions of temperature variations of intensity and lifetime
the Er-related luminescence. Unfortunately, thermal act
tion is rather indiscriminate: different effects appear simu
neously and become entangled. Consequently, detailed i
tification of individual processes is difficult and the propos
models of Si:Er excitation mechanism remain rather spe
lative.

The situation is much more favorable when midinfrar
~MIR! laser light rather than temperature is used for se
tively activate specific energy transfers. In that case in
vidual stages of excitation and deexcitation processes ca
selectively addressed by wavelength tuning. Indeed, new
formation on Si:Er emission mechanism has been obta
using two-color spectroscopy in the visible and the M
ranges.10 In particular, it was shown that a MIR laser puls
applied shortly after band-to-band~pulsed! excitation leads
to an additional emission from Er31 ions.11 Temporary stor-
age of nonequilibrium carriers at traps available in the h
was found to be responsible for the effect.12 More recently,
we pointed out that the thermal release of carriers store
these traps gives rise to a slowly decaying component o
PL, the afterglow. In a dedicated study,13 we have explicitly
shown that the MIR-induced excitation of Er and the aft
glow effects are mutually related, and proposed mathem
cal description relating amplitudes and temporal characte
tics of both effects.

In the current contribution, we reexamine the excitati
mechanism of Si:Er in view of the novel information r
vealed by two-color MIR spectroscopy. In addition to t
already published data,13 we build on a careful investigation
of the magnitude of the MIR-induced Er PL on the MI
photon flux. We propose a microscopic model for the ex
tation process, in which the FEL pulse releases holes st
08530
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at acceptor~or acceptorlike! traps, which subsequently re
combine with electrons localized at an Er-related don
level. Such a process is distinctly different from the excito
related energy transfer commonly considered for Er in cr
talline silicon matrix and dominant upon~high-power! band-
to-band excitation. Following this scheme, we develop a
of rate equations to describe the relevant physical mec
nisms. We show that the experimental results can be satis
torily simulated using the proposed description. Finally,
consider whether this sequential excitation path could be
lized for the increase of thermal stability of emission fro
c-Si:Er.

II. EXPERIMENTAL DETAILS

As reported in our preceding study,13 the MIR-induced Er
PL ~uniquely related to the afterglow effect of slowly deca
ing emission! is omnipresent forc-Si:Er. It is best revealed
under low pumping density of band-to-band excitation, wh
its magnitude is much larger than that of the excito
mediated Er31 emission. Our investigations show that, whi
the characteristics of the MIR-induced Er PL depend
sample parameters, the effect is stronger when Er is
planted intop- than inton-type substrates. Consequently, f
the use in the present study a set of several Si:Er sam
were prepared from Czochralski-grownp-type boron-doped
silicon with room-temperature resistivity of 5–10Vcm. All
these data presented in this paper~with an exception of the
spectrum shown in the inset of Fig. 1! have been obtained fo
a particular sample implanted with 300-keV Er ions to a do
of 331012 cm22. The concentration of erbium in the im
planted layer was around 1019 cm23. The sample was coim
planted with oxygen ions with an energy of 40 keV and to
concentration comparable to that of erbium ions. Oxyg
codoping is known to increase the intensity of Er PL and
reduce its thermal quenching. Implantations were follow
by 900 °C annealing during 30 m.

Two-color photoluminescence experiments have been
formed with the primary pulsed excitation by the seco
harmonic of a Nd:YAG laser~532 nm! and the secondary
3-2
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FIG. 2. Low-energy range excitation den
sity dependence~FEL! of the MIR-induced
l'1.54-mm Er emission, measured for a low
level band-to-band pumping, forlFEL'10 mm
and Dt55 ms. The inset shows the dependen
for the full available FEL power range. The soli
lines are simulations based on Eq.~27!.
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excitation with MIR radiation from a free-electron las
~FEL!. All results were obtained atT54.2 K. A detailed de-
scription of experimental procedures can be found in
previous report.13 In these experiments, intensity of th
l'1.54mm emission related to the transition from the4I13/2
excited state to the4I15/2 ground state of Er31ion was inves-
tigated as a function of primary and secondary excitat
densities.

III. EXPERIMENTAL RESULTS

Building upon the earlier experience,13 the present experi
ments were performed under low pumping density of
Nd:YAG laser. Figure 1 illustrates the MIR-induced Er P
for the sample used in the current study; a strong respons
Er31-related emission atlEr'1.54mm can be seen in a
situation when the MIR pulse from FEL~photon energy
;120 meV, power;10 mW/cm2) was fired with delay
times ofDt52 ms andDt580 ms with respect to the band
to-band excitation with Nd:YAG laser~power density of
10 mJ/cm2, duration ;100 ps). The PL signal dynamic
were recorded with a Ge detector. For this sample, de
time of the MIR-induced enhancement oftMIR'30 ms has
been concluded. The particular value of this time const
depends on sample characteristics. For comparison, an
treme example is shown in the inset of Fig. 1. In this ca
the FEL-induced Er31-related emission can be observ
even for very large delay times ofDt5170 ms and a very
long decay time of the MIR-induced effect oftMIR
'100 ms has been concluded.

In Fig. 2, we show the results of a detailed investigat
of the magnitude of the MIR-induced Er PL enhancement
FEL photon flux, measured at a fixed low level of band-
band excitation. The experiment is realized by reducing
FEL pulse energy with a set of internal attenuators. We
special attention to the lowest levels of FEL power, at wh
the enhancement effect can still be detected. The result
lustrated in Fig. 2 were taken for a fixed delay time ofDt
55 ms and for the MIR photon energy of;120 meV, but
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similar characteristics are found also for other values of
lay time and FEL photon energy. The amplitude of the MI
induced PL enhancement shows clearly a sublinear beha
The complete dependence, for the full available range
FEL power, is shown in the inset of Fig. 2. As can be co
cluded, the effect saturates in agreement with the mode
lating it to trap ionization.11

Finally, in Fig. 3 magnitudes of the MIR- and Nd:YAG
induced Er PL signals are shown as a function of the visi
pump density. As explained earlier, in order to avoid satu
tion in the current measurements we used low-energy ra
of Nd:YAG laser pulses. The FEL~photon energy;90 meV,
power fixed at a maximum level of;200 mW/cm2! is fired
with a delay ofDt53 ms. As can be seen, an increase of
visible pump-induced signal~i! coincides with the saturation
of the Er PL enhancement appearing upon FEL pulse~ii !.

IV. DISCUSSION

A. Comparison of previous excitation models
with experimental results

As explained in the Introduction, the available excitati
models of Si:Er PL involve simultaneous generation of el
trons and holes. Since these are characterized by short
times ~microsecond range at cryogenic temperatures!, they
cannot be accountable for the most characteristic featur
the MIR-induced excitation process illustrated in Fig.
namely, the occurrence of the PL enhancement after l
delay times~hundreds of ms!. In order to identify the micro-
scopic physical mechanism responsible for the FEL-indu
excitation of Er ions, we recall that next to phonon gene
tion ~due to multiphonon absorption!, ionization of shallow
traps is the most important effect induced by MIR radiati
in a semiconductor matrix. Indeed, in the past we ha
shown that Er emission appearing upon the application of
MIR pulse can be related to the optical ionization of tra
filled by the pump pulse of the visible laser.11,13 In what
follows, we will pursue to work out details of that process
3-3
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FIG. 3. Excitation density dependenc
~Nd:YAG! of the l'1.54-mm Er emission in-
duced by ~i! Nd:YAG ~band-to-band! and ~ii !
FEL ~MIR! laser pulses: Amplitude of~i! in-
creases stronger as saturation of~ii ! sets in. The
MIR pulse atlFEL'13.5mm ~constant power! is
applied with a delay ofDt53 ms. The Nd:YAG
power is normalized to the value at which th
amplitude of the FEL-induced Er PL signal sat
rates. The solid lines are simulated from Eqs.~28!
and ~29!.
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Since the recombination of an electron-hole pair is nec
sary for excitation of the 4f -electron core of an Er31 ion, we
will first consider whether the additional Er-related PL cou
appear due to the release of excitons stored in the system
assume, see Fig. 4~a!, that following a band-to-band pum
pulse, excitation of Er31 ions takes place by recombinatio
of an exciton bound to an Er-related level. Upon the ba
to-band pump pulse, it is reasonable to consider localiza
of excitons also at centers@e.g., donors—see Fig. 4~a!# not
related to Er. When FEL is fired, the absorption of the M
radiation could remove electrons~labeled as 1! from the im-
purity levels, thus releasing excitons. Free excitons~labeled

FIG. 4. Illustration of possible MIR-induced excitations of Er b
the release of~a! excitons and~b! two carriers of opposite type—
see text for a discussion.
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as 2! could then be captured by Er-related centers, leadin
Er31 excitation and the enhancement of PL signal. Howev
as illustrated in Fig. 1, the MIR-induced enhancement c
appear with a time constant exceedingtMIR.100 ms, i.e.,
two orders of magnitude longer than the reported lifetimes
bound excitons in silicon~exciton binding at isoelectronic
centers!, ruling over this possibility.

Consequently, we will now consider a different mech
nism, see Fig. 4~b!. In this excitation model, in contrast t
the previous one, we introduce both electrons and ho
bound at donor and acceptor impurities, respectively. In t
case we could imagine that the acceptor levels would or
nate from Si material rather than being related to the
doping. The investigated samples were prepared fromp-type
~boron-doped! Si substrate, and although the concentrat
of acceptors in the Er implanted layer is several orders
magnitude lower than that of Er, it is reasonable to inclu
them here, as they are available within the bulk of the ma
rial that is penetrated by the MIR beam. When the M
radiation is applied, ionization of both types of trapping le
els will take place. Their subsequent recombination~at the
Er-related center! could lead to an additional excitation o
Er31. However, under these circumstances the amplitude
the MIR-induced Er PL enhancement should be proportio
to (I FEL)

2, as two photons~for ionization of two carriers of
the opposite type! are necessary for the excitation of an Er31

ion. While in practice both ionization processes could ha
different probability leading to deviations from quadratic d
pendence, the experimental data in Fig. 2 clearly show
sublinear character, even for the lowest power range. be
ior Such a cannot be explained by the considered mechan
and suggests a different, thus far unrecognized, excita
path.

B. Microscopic model of sequential excitation

1. Slow excitation mechanism

In order to account for our experimental results, we p
pose a mechanism in which the excitation of an Er31 ion is
achieved by the recombination of a hole with an electr
3-4



i
e
re
n

le
n
a
te
h
ro

id
m
y

f
ib-

ar
is
e
-
e
ps
tu

nd

effi-

en-
ribe
e at

ro-
qui-

lve
ex-
e-
es.
ly
the

-
the
is-

E

MICROSCOPIC MODEL FOR NONEXCITONIC . . . PHYSICAL REVIEW B 67, 085303 ~2003!
localized at an Er-related level. The assumption is based
multiple reports on donor generation upon Er implantation
oxygen-rich Si,14,15 and on our own observation that th
MIR-induced Er PL is more pronounced on samples p
pared onp- thann-type substrates. In that way the excitatio
process can be divided into two steps: localization of an e
tron and subsequent capture of a free hole from the vale
band. What distinguishes this mechanism from these usu
considered one is the stable character of the ‘‘intermedia
stage when an electron is present at the Er-related level w
a free hole is not available to complete the excitation p
cess.

The proposed mechanism is schematically depicted
Fig. 5. Following the above sketched scenario, we cons
two different impurity levels. A donor level related to erbiu
implantation, withNEr , as the total concentration of opticall
active erbium ions, and an acceptor level related to the
substrate (p type!, with Ntr , as the total concentration o
hole traps. Initially, when the system is in thermal equil
rium at low temperature (T54.2 K), impurity traps will be
filled with electrons and erbium donor centers will be p
tially filled with electrons if the Fermi level is close to th
level, see Fig. 5~a!. After band-to-band excitation by th
Nd:YAG (Id(t2t0) being the intensity of the visible excita
tion in a delta-shape pulse!, free carriers are created. If w
definef and f 8 as the electron filling factors of acceptor tra
and erbium-related donor levels, respectively, then the si
tion can be described by the following rate equations:

FIG. 5. Illustration of the proposed sequential mechanism for
excitation—see text for the full description.
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dn

dt
5aId~ t2t0!2rnp2CtrnNtr~12 f !2CdErnNEr~12 f 8!

1rn0p01Ctrn0

~12 f 0!

f 0
Ntr f 1CdErn0

~12 f 08!

f 08
NErf 8,

~1!

dp

dt
5aId~ t2t0!2rnp2CptrpNtr f 2CApNErf 8

1rn0p01Cptrp0

f 0

~12 f 0!
Ntr~12 f !

1CAp0

f 08

~12 f 08!
NEr~12 f 8!, ~2!

Ntr

d f

dt
5CtrnNtr~12 f !2CptrpNtr f 2Ctrn0

~12 f 0!

f 0
Ntr f

1Cptrp0

f 0

~12 f 0!
Ntr~12 f !, ~3!

NEr

d f8

dt
5CdErnNEr~12 f 8!2CApNErf 8

2CdErn0

~12 f 08!

f 08
NErf 8

1CAp0

f 08

~12 f 08!
NEr~12 f 8!, ~4!

dN*

dt
5CAp f8~NEr2N* !2

N*

t
. ~5!

Here n and p are the concentrations of free electrons a
holes,N* is the concentration of excited erbium ions,a, r
are the band-to-band absorption and recombination co
cients, respectively.Ctr , CdEr , Cptr , andCA are the capture
coefficients of electrons and holes by traps and erbium c
ters, respectively. The rate equations written above desc
the most general dynamic process of free carrier captur
acceptors and donors, and also the reverse process~thermal
effects! of carrier release. The coefficients of the reverse p
cesses were found using detailed balance principle in e
librium conditions. Note that the quantitiesn0 , p0 , f 0, and
f 08 depend exponentially on the temperature. In order to so
this nonlinear rate equation system and obtain analytical
pressions, we introduce artificially three different time r
gimes. In the first one, we consider only very fast process
We will ignore capture process to impurities and we on
take into account the recombination of free charges. In
second one, we ignore reverse processes~as the thermal
emission is very slow atT54.2 K); in that way we can find
the evolution of the filling factorsf and f 8 as seen in Fig.
5~b!. Finally, the third stage will involve the thermal emis
sion and the erbium excitation on a long time scale. After
first two stages, the system will be ‘‘prepared’’ in a quas

r

3-5
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M. FORCALESet al. PHYSICAL REVIEW B 67, 085303 ~2003!
tationary~through nonequilibrium! state with no free carriers
and equal concentration of charged impurities at donor
acceptor levels. Since~shallow! donor-acceptor recombina
tion in Si must involve momentum compensation, it is
extremely slow process. In this way, the system can ‘‘sto
nonequilibrium charges for a long time.

The MIR-induced Er PL is the best investigated und
conditions of low excitation density.13 In that case, we should
not expect a band-to-band recombination and can assir
50. During the short~;100 ps! duration of Nd:YAG exci-
tation (DtYAG), we obtain:n5p5aDtYAGI . We can now
find the expressions forf and f 8 from Eqs.~3! and ~4!,

f 5
Ctr

Ctr1Cptr
1S f 002

Ctr

Ctr1Cptr
D

3exp@2~Ctr1Cptr!aDtYAGIt #, ~6!

f 85
CdEr

CdEr1CA
1S f 008 2

CdEr

CdEr1CA
D

3exp@2~CdEr1CA!aDtYAGIt #, ~7!

where f 00 and f 008 are the values of the initial filling fac
tors. After several intervals of (aDtYAGI )21 the filling
factors will arrive at the limiting values depending on
on the capture coefficients:f 5@Ctr /(Ctr1Cptr)# and f 8
5@CdEr /(CdEr1CA)#. However, this is not yet the end o
the second stage, since charges at donor and acceptor l
with these limiting filling factors are not equal. This mea
actually that there remain some free carriers in the cond
tion or valence band depending on the ratio of capture c
ficients and concentration of impurities. The further capt
of these free carriers will equalize the charge at donor
acceptor levels leading to the true limiting values of fillin
coefficients,

f 5F0512 f 8512F085
Ctr

Ctr1Cptr
FNtr

CdErCA

CdEr1CA

1NEr

CACptr

CdEr1CA
GFNtr

CtrCptr

Ctr1Cptr
1NEr

CdErCA

CdEr1CA
G21

.

~8!

At this point, considering linear regime of Er PL, som
erbium ions are excited and decay with a lifetime oft'1 ms.
In the third stage, the system is prepared for the slow e
tation mechanism, as can be seen in Fig. 5~c!. After all the
fast processes have finished, the recombination will be c
trolled by the thermal release of holes from traps into
valence band and their subsequent capture at erbium d
levels. We will neglect that there is a thermal emission
electrons from the Er-related donor level into the conduct
band. This is reasonable, taking into account the postul
large ionization energy of this levelEEr*150 meV and high
concentration of Er in the implanted layer. The new ra
equations for slow excitation are
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dp

dt
52CptrpNtr f 2CApNErf 81Cptrp0

f 0

~12 f 0!
Ntr~12 f !,

~9!

Ntr

d f

dt
52CptrpNtr f 1Cptrp0

f 0

~12 f 0!
Ntr~12 f !,

~10!

NEr

d f8

dt
52CApNErf 8. ~11!

It can be shown that due to slow thermal process of h
release from traps into the valence band, we can neglec
derivative in Eq.~9! and consider quasistationary condition
The hole concentration can then be expressed by

p5
Cptrp0f 0

~12 f 0!~CANErF081CptrNtrF0!
Ntr~12 f !, ~12!

and inserting Eq.~12! into Eq. ~10! we arrive at the solution

~12 f !5~12F0!

3expS 2
Cptrp0f 0

12 f 0

CANErF08

CANErF081CptrNtrF0

t D .

~13!

The second factor under the exponent increases the ch
teristic time of slow recombination since the part of hol
emitted into the band are captured again by hole traps. U
Eq. ~13! in Eq. ~12!, the time-dependent expression for th
hole concentration will be

p5
Cptrp0f 0Ntr~12F0!

~12 f 0!~CANErF081CptrNtrF0!

3expS 2
Cptrp0f 0

12 f 0

CANErF08

CANErF081CptrNtrF0

t D . ~14!

In this equation we neglect the first derivative sin
@(Cptrp0f 0)/(12 f 0)#(CANErF081CptrNtrF0)21!1. Using
the hole concentration given by Eq.~14! and substituting it
into Eq. ~11!, we arrive at

f 85F082
Ntr

NEr
~12F0!

3H 12expS 2
Cptrp0f 0

12 f 0

CANErF08

CANErF081CptrNtrF0

t D J .

~15!

This slow recombination process is characterized by a t
constant of

tsr5S Cptrp0f 0

12 f 0

CANErF08

CANErF081CptrNtrF0
D 21

, ~16!
3-6



T

er

se

f
ig

n

, w

le

:

of
fac-

r to
-
he
um

is
les,

the
e

ts
e-

not
e

ent
ly
l to
ng
an
ps
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and we can use Eq.~15! as the ‘‘driving force’’ for excitation.
In order to solve Eq.~5!, we assume that the slow Er31

excitation can be considered as a quasistationary one.
result will be

N* 'CAp f8NErt'S t

tsr
DNtr~12F0!expS 2

t

tsr
D . ~17!

Due to the presence ofp0f 0, the parametertsr will contain
an exponent: exp(2Etrap /kT), whereEtrap is the binding en-
ergy of the hole trap~from the top of the valence band!. At
T54.2 K, the slow excitation will be important but at high
temperatures (T'45 K) it will disappear, as verified
experimentally.13

2. MIR-induced Er PL enhancement

We will now consider what will happen when an inten
MIR pulse is applied att5t1. The MIR radiation will liber-
ate holes into the valence band and an abrupt increase o
PL should be observed. This situation is depicted in F
5~d!. The relevant rate equations are

dp

dt
5bI FELd~ t2t1!Ntr~12 f !2CptrpNtr f 2CApNErf 8,

~18!

Ntr

d f

dt
5bI FELd~ t2t1!Ntr~12 f !2CptrpNtr f , ~19!

NEr

d f8

dt
52CApNErf 8, ~20!

where b is the absorption coefficient of the FEL emissio
and I FEL is the intensity of the FEL pulse fired att5t1.
Again, we first consider the fast processes. In this case
start by Eq.~19!. During FEL pulse (DtFEL), we have

f 5 f 011~12 f 01!$12exp~2bI FELDtFEL!%, ~21!

where f 01512(12F0)exp(2t1 /tsr) is the filling factor at
time t5t1 taken from Eq.~13!. Using a similar value forf 018
obtained from Eq.~14!, we can solve Eq.~18! during FEL
pulse. In a linear approximation, we get

p5
bI FELNtr~12 f 01!

CptrNtr f 011CANErf 018

3$12exp@2~CptrNtr f 011CANErf 018 !t#%. ~22!

Upon termination of the FEL pulse the concentration of ho
will diminish exponentially,

p5p00$12exp@2~CptrNtr f 021CANErf 018 !t#%, ~23!

wherep00 is the concentration of holes given by Eq.~22! for
t5DtFEL and f 02 is the filling factor as given by Eq.~21! at
the end of FEL pulse fort5t2 , DtFEL5(t22t1). Substitut-
ing this solution into Eq.~20! we obtain
08530
he

Er
.

e

s

f 85 f 018 2
CAf 018 p00

~CptrNtr f 021CANErf 018 !

3$12exp@2~CptrNtr f 021CANErf 018 !t#%, ~24!

and a similar expression forf. After the recharging induced
by FEL, the filling factors will arrive at the limiting values
F018 following from Eq. ~24! andF01 from the one related to
f. These limiting values ensure the neutrality condition
charge equality at donors and acceptors. Later on, these
tors will change according to the slow recombinationtsr
process described in the preceding subsection. In orde
study the dynamics ofN* , we consider that an abrupt in
crease ofp'p00 in a delta-shape pulse, is responsible for t
erbium excitation. In this case the concentration of erbi
after solving Eq.~5! will be

N* 5N00* 1F CAp00f 018 NEr

CAp00f 018 1t21
2N00* G $12exp~2CAp00f 018 t !%,

~25!

whereN00* 5Ntr(t/tsr)(12F0)exp(2t1 /tsr) is the concentra-
tion of excited erbium ions at the moment when FEL
switched on. Since the traps during FEL pulse loose ho
the slow excitation value ofN* will drop to a value ofN01* .
The concentration of excited erbium ions, and thus also
intensity of Er-related PL after FEL pulse, will evolve th
following expression:

I PL;N* 5N00* 1F CAp00f 018 NEr

CAp00f 018 1t21
2N00* G

3$12exp~2CAp00f 018 DtFEL!%expS 2
~ t2t1!

t D
1N01* H 12expS 2

~ t2t1!

t D J expS 2
~ t2t1!

tsr
D , ~26!

where

N01* 5
Cptrp0f 0

12 f 0

CANErF01
8

CptrNtrF011CANErF018
Ntr~12F01!t

3expS 2
Cptrp0f 0

12 f 0

CANErF08

CptrNtrF01CANErF08
t1D .

Expression~26! agrees well with the experimental resul
allowing to reproduce the slow afterglow effect, and its r
duction following the MIR-induced enhancement.13 In the
above description the response time of the detector is
considered, but that will influence only the rising time of th
~FEL-induced! Er PL signal which will become slower. In
this model, the sublinear dependence of the enhancem
effect—see Fig. 2—is explained. The MIR radiation on
release one type of carrier so that the effect is proportiona
I FEL . The saturation term is actually connected to the filli
factor of hole traps and not to the saturation of erbium. It c
be also shown that if the capture probability of holes by tra
3-7
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is higher than by Er-related donors, the majority of ho
induced by Nd:YAG are captured and stored at the traps
this case, the intensity of the erbium PL induced by M
radiation can significantly exceed that of the initial pulse,
confirmed experimentally.

C. Comparison with experiment

The system of Eqs.~1!–~5! contains many constant
which should be taken from experiment for simulation
results. Therefore, the simulation procedure is rather cum
some and subjected to some arbitrariness. Besides, the
surements of power dependence of luminescence inten
were done in arbitrary units, since accurate measuremen
absolute intensities are difficult. This fact does not allow
determine parameters of the material~for instance, the con-
centration of traps! directly from the experimental dat
shown in Figs. 2 and 3. However, it is easy to obtain appro
mate solutions of a simplified system of the rate equati
and compare the resulting functional power dependence
luminescence intensity with the experiment. These soluti
concern with the dependence of the Er PL intensity on
power of the Nd:YAG laser~initial excitation! and the de-
pendence of the Er PL enhancement on the power of F
~delayed excitation!.

If the characteristic capture times are small compared
the duration of both laser pulses, we can use the quasista
ary approximation for the state during the laser pulse.
shall use the linearized version of rate equations assum
that the intensity of initial PL signal excited by the yttriu
aluminum garnet~YAG! laser is proportional to the concen
tration of free holes, while that of the delayed PL sign
induced by FEL to the concentration of holes bound at
traps. This assumption suggests that the necessary conce
tion of electrons for the excitation Auger process is alwa
available ~they can be in the conduction band during t
Nd:YAG pulse or populate the donor levels!.

If this concentration of electrons does not change sign
cantly during the Nd:YAG laser pulse, the calculated conc
tration of free~or bound! holes reflects the amplitude of th
PL signal measured in arbitrary units, i.e., the calculations
the hole concentrations can be directly compared to the
periment represented in Figs. 2 and 3.

To consider the dependence of the PL enhancement on
FEL power, we can use one equation for free holes in
form

dp

dt
5b0I FEL~Ntr2p!2Cptrp

250, ~27!

where we have used the condition that the concentratio
free holes in the case of excitation from the traps should
equal to the concentration of the trap states without ho
i.e., filled by electrons. The solution of this quadratic equ
tion is fitted to experimental data in Fig. 2, demonstratin
fair agreement. At low FEL powers, the PL intensity grow
as a square root and then tends to saturation.

To determine the dependence of the Er emission on
YAG power we need the system of equations
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dp

dt
5aI YAG2Cptrp~Ntr2pb!2

p

tp
50, ~28!

dpb

dt
5Cptrp~Ntr2pb!2

pb

tb
50. ~29!

We have introduced here the concentration of bound ho
pb instead of the population factor of the trap states@pb
5Ntr(12 f )#, and two characteristic lifetimes of free an
bound holes which are connected with the capture coe
cients and some concentration of electrons in the conduc
band which is assumed constant for the purpose of linear
tion of the equations involved (tp

215rn,tb
215Ctrn). This

means that our approximation is fairly crude; nevertheles
gives a good agreement with the experiment.

The solution of this system connects directly the behav
of initial and delayed PL signals: until all the traps are n
filled, the initial PL signal rises weakly with the Nd:YAG
intensity, and only when the saturation of the delayed PL
reached, this rise becomes stronger. The simulation of
perimental results according to the solution of Eqs.~28!–~29!
is compared in Fig. 3 with the measured amplitude
Nd:YAG- and FEL-induced Er PL signals demonstrating
good correspondence between the experiment and the th

Finally, we should present numerical values of releva
parameters which permit the use of quasistationary appr
mation and allow the satisfactory simulation of experimen
data. To support the approximation of quasistationary sit
tion it is necessary to estimate the capture times. The follo
ing values of these parameters were adopted: the conce
tion of trapsNtr51015 cm23, the capture coefficient of hole
Cptr5shVh , where the capture cross section of holes
negatively charged center sh510210 cm2,16 Vh
'106 cm s21 is the hole velocity, so the capture time
much less than the duration of the YAG~and FEL! pulse.
The capture coefficient of the electrons by a neutral acce
center is Ctr5seVe , se510216 cm2,16 Ve'106 cm s21,
and the capture time is of the order of the pulse of Nd:YA
duration. The recombination timetp can be estimated from
the data of Thaoet al.,17 where the value of nonradiativ
recombination coefficient at low temperature of the order
10210 cm3 s21 is given. Therefore, the characteristic lifetim
is around 4310210 s for the YAG photon flux of
1024 cm22 s21 using the absorption coefficient value of
3104 cm21 ~in this case the concentration induced by YA
is 2.331019 cm23). The reasonable value of absorptio
cross-sectionb0 for the FEL radiation is 10216 cm2, so the
absorption coefficient can be 0.1. The photon fluxes of
YAG laser is of the order of 1024 cm22 s21, while that of
FEL is 231019 cm22 s21. We note that these estimates a
consistent with the quasistationary approximation used in
model and justify the use of quasistationary solutions.

V. DEVICE IMPLICATIONS

There are two important conditions which have to be s
isfied in order to develop Si:Er-based devices for roo
temperature operation. We need efficient excitation of
3-8



u
o

ffi-
c
e
g
in

t
e
-

rtl
se

a
io
e
r
a

s
b

ys
c-

o
n
ra
up
e
of

IR
t
r
n
o

ll

nc
e
h
c

e
ser
-

e of

ro-

ion
this
tra-

rom
ates
re-

the
n-
itu-
. In
is

ary
ew
ion
a-
igh

e

-

ing
lly

y
oek
e-
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ions while at the same time nonradiative deexcitation sho
have to be suppressed. Excitonic process provides a g
excitation of Er at low temperatures. Unfortunately, its e
ciency diminishes upon temperature increase due to disso
tion of excitons. Yet another problem, appearing for high
temperatures and for high pumping densities, is the Au
energy transfer to free carriers. This nonradiative recomb
tion limits the maximum number of Er31 ions that can attain
the excited state. Our current results offer a possibility
circumvent this problem. As discussed in the previous s
tions, excitation of Er31 ions can be realized by the recom
bination of electrons localized at the Er-related level sho
after band-to-band excitation with holes supplied sub
quently by ~thermal or optical! the ionization of traps. The
most characteristic feature of this process is the time sep
tion of electron capture and the electron-hole recombinat
Consequently, the erbium excitation is effectively govern
only by the release of holes into the band. In this case E31

ions are prepared for excitation by capturing of electrons
the Er-related level. Since our research shows that proce
of electron capture and electron-hole recombination can
arbitrarily separated in time, the preparation of the Si:Er s
tem for excitation is realized by filling all the Er-related ele
tron traps—a condition easily fulfilled inn-type material.
The excitation can then be accomplished upon injection
holes. In such a scheme, the free carrier concentration ca
much lower than that required for efficient exciton gene
tion. Consequently, the Auger deexcitation would be s
pressed. Exploration of this excitation route could open n
possibilities for efficient reduction of thermal quenching
emission from Si:Er structures.

A separate issue is the question of whether the M
induced generation of Er PL could be realized also a
higher ~and possibly room! temperature. According to ou
model,tsr relates to thermal release of holes into the ba
and, as such, it is directly related to the ionization energy
the trap. In our experiments we have usedp-type boron-
doped Si substrates, so the holes were trapped at sha
acceptors. Naturally, shallow traps thermalize aboveT
*45 K and the MIR-induced Er PL vanishes. In the prese
of deep acceptors, however, we can expect a longer valu
tsr and the enhancement effect could take place at hig
temperatures. Possible candidate impurities for deeper ac
a

,

an
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tor traps could be, e.g., indium~single acceptor at 155 meV
above the valence band! or a double acceptor zinc. We not
that thermalization of the Er-related electron trap is of les
importance in view of the high Er concentration in the im
planted layer, which compensates the statistical advantag
the band.

VI. CONCLUSIONS

A nonexcitonic mechanism of 1.54mm emission of Er31

ions in a crystalline silicon has been identified and mic
scopically modeled. Excitation of Er31 is achieved upon the
release of free holes into the band, by their recombinat
with electrons localized at Er-related donors. Therefore,
mechanism is most pronounced for comparable concen
tions of donors and acceptors. In samples prepared f
p-type substrates, the nonexcitonic mechanism domin
under low pumping rates and is also responsible for the
cently reported low-temperature effects of afterglow and
MIR-induced Er PL. The essential feature of the newly ide
tified Er excitation channel is the stable character of the s
ation when electrons are captured at the Er-related traps
this state, which can persist indefinitely, the Si:Er system
prepared for excitation which then takes place at an arbitr
moment, upon arrival of holes. This finding could open n
ways towards the increase of thermal stability of PL emiss
from Si:Er. Also, in contrast to the exciton-mediated mech
nism, the discussed excitation path does not require h
concentrations of free carriers~electron and holes can b
introduced at different time intervals!. This limits the Auger
quenching of excited Er31 ions which appears at low tem
peratures for high pumping rates.
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