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Excitation mechanisms of EF ion in crystalline silicon, responsible for the photoluminescence~at.54
pm, 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 ffbggthe
excited state of B 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 excitatiofiosErccomplished 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 nuniber78.66.Db, 61.72.Tt, 41.60.Cr

[. INTRODUCTION this goal. Ideally, the excitation process of the energy trans-
fer into the RE ion core should be very efficient, while the
In spite of the obvious natural disadvantage of a relativelyreversal of this process, usually termed tzeck transfer
small and indirect band gap, silicon enjoys a renewed interneeds to be suppressed. Also other nonradiative deexcitation
est as material for optoelectronic and photonic applicationschannels of excited Bf ions must be eliminated. In the
In particular, encouraging results have recently been reportepast, excitation mechanism of Er ions in crystalline Si
for silicon-derived materials such as silicon nanocrystals dishas been modeled theoreticdlfy,and the recombination of
persed in Si@ matrix! and SiQ codoped with silicon an electron-hole pair or impact with a hot carrigeverse
nanocrystals and Bf.2 Intense room-temperature emission biased diodeshave been postulated to be responsible for
has been obtained upon the formation of boron inclusions ithe excitation of E¥* ions in crystalline Si. Under optical
crystalline silicon €-Si) by implantatior® Parallel to these pumping by photons with energies larger than that of the
new concepts, research on optical doping with transitionsilicon band gap, electrons and holes are generated in con-
metal elements as a way to improve optical activitge®iis  duction and valence bands, respectively. The carriers recom-
set forth. Emission from rare-eartRE) ions is characterized bine in an Auger process transferring the energy to the
by a temperature-stable wavelength and a narrow linewidtt4f-electron shell of the Ef ion. As a result of this excita-
Here Er doping is most intensively investigated. When sili-tion, characteristic emission due to the3,—*l 15, transi-
con is doped with erbium, light emission due to thlgs, tion (E,~800 meV) appears with a decay constantref
— 41155, intra-4f -electron shell transition can be observed at~1 ms®~8 The higher excited states are not directly avail-
Me~1.54 um. This wavelength falls in the range of mini- able since their energies exceed the silicon band-gap value
mum losses of silica-based optical fibers used in telecommuEg~1170 meV afl=4.2 K compared to 1240 meV neces-
nications. Being fully compatible with the standard VLSI sary for excitation into thél ;;, second excited state of £r
silicon technology, development of Si:Er structures by ionion). A model involving recombination of an exciton bound
implantation is especially interesting. Unfortunately, the in-to an Er-related donor was proposeih this case, the major
tensity of electroluminescence and photoluminescéRte  part of the electron-hole recombination energy is used for the
from RE-doped semiconductors reduces strongly upon teméf-electron shell excitation and the excess energy is released
perature increase. Consequently, intense room-temperatupy the excitation of the electron from the erbium-related do-
emission from devices based @RSi:Er remains yet to be nor level into the band. While such an energy-transfer chan-
demonstrated. It is generally believed that proper engineemel can be efficient, it requires high electron and hole con-
ing and optimization of the energy transfer between siliconcentrations for exciton generation. This, in turn, leads to
host and Et" ion constitutes the key to the realization of deexcitation of Et* ions due to Auger interaction with free
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0 Tyr ~ 100 Ms
= FIG. 1. Low-temperatureT=4.2 K) dynam-
S h u ics of Er-related PL signal at~1.54 um. The
& J N . pump excitation density was kept low to avoid
E’ - - — — — saturation. MIR pulse withhgg~10 um was
= applied with a delayAt of 2 and 80 ms. The
b enhancement of Er PL is characterized by a decay
- Ty ~ 30 Ms time 7yyr~30 ms. In the inset, the MIR-induced
® enhancementXt=20,80,170 msis shown for a
i l\ sample characterized by an extremely long time
T constant ofryg~100 ms.
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carriers. Under these circumstances, the experimentally ol&t acceptor(or acceptorlikg traps, which subsequently re-
served saturation of Er PL for high excitation densities carcombine with electrons localized at an Er-related donor
be caused by a limited concentration of optically activd'Er level. Such a process is distinctly different from the exciton-
ions or, alternatively, can result from a competition betweerrelated energy transfer commonly considered for Er in crys-
excitation and Auger deexcitation processes. talline silicon matrix and dominant updhigh-powej band-

Experimental evidence used thus far for modeling of Erto-band excitation. Following this scheme, we develop a set
excitation process came almost exclusively from investigaof rate equations to describe the relevant physical mecha-
tions of temperature variations of intensity and lifetime of nisms. We show that the experimental results can be satisfac-
the Er-related luminescence. Unfortunately, thermal activatorily simulated using the proposed description. Finally, we
tion is rather indiscriminate: different effects appear simulta-consider whether this sequential excitation path could be uti-
neously and become entangled. Consequently, detailed idelized for the increase of thermal stability of emission from
tification of individual processes is difficult and the proposedc-Si:Er.
models of Si:Er excitation mechanism remain rather specu-
lative. - Il. EXPERIMENTAL DETAILS

The situation is much more favorable when midinfrared
(MIR) laser light rather than temperature is used for selec- As reported in our preceding stutfthe MIR-induced Er
tively activate specific energy transfers. In that case indiPL (uniquely related to the afterglow effect of slowly decay-
vidual stages of excitation and deexcitation processes can leg emission is omnipresent foc-Si:Er. It is best revealed
selectively addressed by wavelength tuning. Indeed, new indnder low pumping density of band-to-band excitation, when
formation on Si:Er emission mechanism has been obtainetis magnitude is much larger than that of the exciton-
using two-color spectroscopy in the visible and the MIRmediated Et" emission. Our investigations show that, while
ranges In particular, it was shown that a MIR laser pulse the characteristics of the MIR-induced Er PL depend on
applied shortly after band-to-bar(dulsed excitation leads sample parameters, the effect is stronger when Er is im-
to an additional emission from &r ions!! Temporary stor-  planted intop- than inton-type substrates. Consequently, for
age of nonequilibrium carriers at traps available in the hosthe use in the present study a set of several Si:Er samples
was found to be responsible for the efféttMore recently, were prepared from Czochralski-grovprtype boron-doped
we pointed out that the thermal release of carriers stored atlicon with room-temperature resistivity of 5—Xcm. All
these traps gives rise to a slowly decaying component of Ethese data presented in this papeith an exception of the
PL, the afterglow In a dedicated stud{} we have explicitly ~ spectrum shown in the inset of Fig. Have been obtained for
shown that the MIR-induced excitation of Er and the after-a particular sample implanted with 300-keV Er ions to a dose
glow effects are mutually related, and proposed mathematief 3x 10*2 cm 2. The concentration of erbium in the im-
cal description relating amplitudes and temporal characterisslanted layer was around ¥0cm™3. The sample was coim-
tics of both effects. planted with oxygen ions with an energy of 40 keV and to a

In the current contribution, we reexamine the excitationconcentration comparable to that of erbium ions. Oxygen
mechanism of Si:Er in view of the novel information re- codoping is known to increase the intensity of Er PL and to
vealed by two-color MIR spectroscopy. In addition to thereduce its thermal quenching. Implantations were followed
already published dafd,we build on a careful investigation by 900 °C annealing during 30 m.
of the magnitude of the MIR-induced Er PL on the MIR  Two-color photoluminescence experiments have been per-
photon flux. We propose a microscopic model for the exci-formed with the primary pulsed excitation by the second
tation process, in which the FEL pulse releases holes stordtarmonic of a Nd:YAG lasef532 nm and the secondary
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FIG. 2. Low-energy range excitation den-
sity dependence(FEL) of the MIR-induced
A~1.54um Er emission, measured for a low-
level band-to-band pumping, foxgg ~10 um
and At=5 ms. The inset shows the dependence
for the full available FEL power range. The solid
lines are simulations based on Eg7).
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excitation with MIR radiation from a free-electron laser similar characteristics are found also for other values of de-
(FEL). All results were obtained &t=4.2 K. A detailed de- lay time and FEL photon energy. The amplitude of the MIR-
scription of experimental procedures can be found in ouinduced PL enhancement shows clearly a sublinear behavior.
previous report? In these experiments, intensity of the The complete dependence, for the full available range of
\~1.54 um emission related to the transition from thles, ~ FEL power, is shown in the inset of Fig. 2. As can be con-
excited state to thél;s, ground state of B ion was inves-  cluded, the effect saturates in agreement with the model re-
tigated as a function of primary and secondary excitatiorating it to trap ionizatiort*
densities. Finally, in Fig. 3 magnitudes of the MIR- and Nd:YAG-
induced Er PL signals are shown as a function of the visible
IIl. EXPERIMENTAL RESULTS pump density. As explained earlier, in order to avoid satura-
tion in the current measurements we used low-energy range
Building upon the earlier experientgthe present experi- of Nd:YAG laser pulses. The FE(photon energy-90 meV,
ments were performed under low pumping density of thepower fixed at a maximum level of200 mW/crd) is fired
Nd:YAG laser. Figure 1 illustrates the MIR-induced Er PL with a delay ofAt=3 ms. As can be seen, an increase of the
for the sample used in the current study; a strong response ofsible pump-induced signdli) coincides with the saturation
Er**-related emission ahg~1.54 um can be seen in a of the Er PL enhancement appearing upon FEL pilge
situation when the MIR pulse from FElphoton energy
~120 meV, power~10 mW/cnf) was fired with delay

times of At=2 ms andAt=80 ms with respect to the band- IV. DISCUSSION

to-band excitation with Nd:YAG lasefpower density of ) _ o

10 pJ/cnt, duration ~100 ps). The PL signal dynamics A. Comparison of previous excitation models

were recorded with a Ge detector. For this sample, decay with experimental results

time of the MIR-induced enhancement g;r~30 ms has As explained in the Introduction, the available excitation

been concluded. The particular value of this time constaninodels of Si:Er PL involve simultaneous generation of elec-
depends on sample characteristics. For comparison, an egons and holes. Since these are characterized by short life-
treme example is shown in the inset of Fig. 1. In this casetimes (microsecond range at cryogenic temperatyrésey

the FEL-induced E¥"-related emission can be observed cannot be accountable for the most characteristic feature of
even for very large delay times dft=170 ms and a very the MIR-induced excitation process illustrated in Fig. 1,
long decay time of the MIR-induced effect ofyr namely, the occurrence of the PL enhancement after long
~100 ms has been concluded. delay timesthundreds of ms In order to identify the micro-

In Fig. 2, we show the results of a detailed investigationscopic physical mechanism responsible for the FEL-induced
of the magnitude of the MIR-induced Er PL enhancement orexcitation of Er ions, we recall that next to phonon genera-
FEL photon flux, measured at a fixed low level of band-to-tion (due to multiphonon absorptignionization of shallow
band excitation. The experiment is realized by reducing theraps is the most important effect induced by MIR radiation
FEL pulse energy with a set of internal attenuators. We payn a semiconductor matrix. Indeed, in the past we have
special attention to the lowest levels of FEL power, at whichshown that Er emission appearing upon the application of the
the enhancement effect can still be detected. The results iIMIR pulse can be related to the optical ionization of traps
lustrated in Fig. 2 were taken for a fixed delay timedf  filled by the pump pulse of the visible lasér® In what
=5 ms and for the MIR photon energy ef120 meV, but  follows, we will pursue to work out details of that process.
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& ErPL()

o MIR-induced PL enhancement (ii)
= 1.0 | .
_&’ FIG. 3. Excitation density dependence
‘@ (Nd:YAG) of the A~1.54-.um Er emission in-
g duced by (i) Nd:YAG (band-to-bang and (ii)
£ FEL (MIR) laser pulses: Amplitude ofi) in-
g 05F . creases stronger as saturation(iof sets in. The
:— MIR pulse at\ ;g ~13.5 um (constant poweris
Ty applied with a delay ofAt=3 ms. The Nd:YAG
b power is normalized to the value at which the
2 amplitude of the FEL-induced Er PL signal satu-
o o0k i rates. The solid lines are simulated from E@8)

and(29).
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Since the recombination of an electron-hole pair is necesas 2 could then be captured by Er-related centers, leading to
sary for excitation of the #electron core of an Bf ion, we  Er*" excitation and the enhancement of PL signal. However,
will first consider whether the additional Er-related PL couldas illustrated in Fig. 1, the MIR-induced enhancement can
appear due to the release of excitons stored in the system. Vépear with a time constant exceedingg>100 ms, i.e.,
assume, see Fig.(d, that following a band-to-band pump two orders of magnitude longer than the reported lifetimes of
pulse, excitation of Ef" ions takes place by recombination bound excitons in silicor(exciton binding at isoelectronic
of an exciton bound to an Er-related level. Upon the bandcenter$, ruling over this possibility.
to-band pump pulse, it is reasonable to consider localization Consequently, we will now consider a different mecha-
of excitons also at centefg.g., donors—see Fig(@] not  nism, see Fig. éb). In this excitation model, in contrast to
related to Er. When FEL is fired, the absorption of the MIRthe previous one, we introduce both electrons and holes
radiation could remove electrofilabeled as Lfrom the im-  bound at donor and acceptor impurities, respectively. In that
purity levels, thus releasing excitons. Free excitdabeled case we could imagine that the acceptor levels would origi-

nate from Si material rather than being related to the Er

e FELZ doping. The investigated samples were prepared frdggpe
—A ;" n\“;‘ ‘;’""; (boron-dopedl Si substrate, and although the concentration
Q / H*l —$1— of acceptors in the Er implanted layer is several orders of
al R magnitude lower than that of Er, it is reasonable to include
(a) ” 27 2 x them here, as they are available within the bulk of the mate-
b P rial that is penetrated by the MIR beam. When the MIR
Low b radiation is applied, ionization of both types of trapping lev-
: ('; / i L els will take place. Their subsequent recombinatiahthe
o\ ‘\.\O/" Er-related centgrcould lead to an additional excitation of
o - Er*. However, under these circumstances the amplitude of
impurity level Er-related level the MIR-induced Er PL enhancement should be proportional
to (Irg)?, as two photongfor ionization of two carriers of
the opposite typeare necessary for the excitation of art Er
e FEL} ....... > CB ion. While in practice both ionization processes could have
< A% different probability leading to deviations from quadratic de-
g - pendence, the experimental data in Fig. 2 clearly show a
3 | sublinear character, even for the lowest power range. behav-
(b) ) . ior Such a cannot be explained by the considered mechanism
N, and suggests a different, thus far unrecognized, excitation
o \E/ path.
_______ -+ Q
© FEL% Er-related level VB B. Microscopic model of sequential excitation
impurity levels 1. Slow excitation mechanism

FIG. 4. lllustration of possible MIR-induced excitations of Erby ~ In order to account for our experimental results, we pro-
the release ofa) excitons andb) two carriers of opposite type— pose a mechanism in which the excitation of af'Eion is
see text for a discussion. achieved by the recombination of a hole with an electron
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n
Tr = al6(t—to) —rnp—CynNy (1—F) — CagNNe(1— ")

- N,
(a) dt
N; o—o- (1) (1-fp)
+rngPo+ CtrnOf—O N f+ CdErnOf—,NErf )
0
o_ 0. (1)
4 d
NEr p — '
(b) a_al5(t_t0)_rnp_CptrpNtrf_CApNErf
Ntrr—o—e— N*
f
'Y 0
© RS +rn0p0+cptrp0mNtr(l_f)
fo ,
—— N +CaPo —Ng(1-f"), (2
(c) ] & (1=fo)
Ntr A \__________S_l_(_);v N* excitation
—o— df (1—1p)
[ E— > Ntrm:CtrnNtr(l_f)_cptrpNtrf_CtrnOTNtr]c
fo
+Cptrp0(1_—f)Ntr(1_f)- (3
' NEr 0
d |
( ) N A ] N f_gghancement df’ , ,
r—e— ’ Ner g7 = CaenNed 1 - f") = CaPNgf
FELS —eeoeeeeev » O
(1—fo)
FIG. 5. lllustration of the proposed sequential mechanism for Er - CdErno—,NE,f’
excitation—see text for the full description. fo
f/
localized at an Er-related level. The assumption is based on +CaPo 0 —Ng(1-f"), 4
multiple reports on donor generation upon Er implantation in (1=fo)
oxygen-rich Si**> and on our own observation that the . .
MIR-induced Er PL is more pronounced on samples pre- 5 =Cpf'(Ng—N*)— —. (5)
pared orp- thann-type substrates. In that way the excitation t T

process can be divided into two steps: localization of an elecyere n and p are the concentrations of free electrons and
tron and subsequent capture of a free hole from the valenggples, N* is the concentration of excited erbium ions, r
band. What distinguishes this mechanism from these usuallyre the band-to-band absorption and recombination coeffi-
considered one is the stable character of the “intermediategients, respectivelC;, , Cyg;, Cptr» andC, are the capture
stage when an electron is present at the Er-related level whilgpefficients of electrons and holes by traps and erbium cen-
a free hole is not available to complete the excitation pro+ters, respectively. The rate equations written above describe
cess. the most general dynamic process of free carrier capture at
The proposed mechanism is schematically depicted imcceptors and donors, and also the reverse prdtessnal
Fig. 5. Following the above sketched scenario, we consideeffects of carrier release. The coefficients of the reverse pro-
two different impurity levels. A donor level related to erbium cesses were found using detailed balance principle in equi-
implantation, withNg,, as the total concentration of optically librium conditions. Note that the quantities, py, fo, and
active erbium ions, and an acceptor level related to the Si} depend exponentially on the temperature. In order to solve
substrate |¢ type), with N;,, as the total concentration of this nonlinear rate equation system and obtain analytical ex-
hole traps. Initially, when the system is in thermal equilib- pressions, we introduce artificially three different time re-
rium at low temperatureT=4.2 K), impurity traps will be  gimes. In the first one, we consider only very fast processes.
filled with electrons and erbium donor centers will be par-We will ignore capture process to impurities and we only
tially filled with electrons if the Fermi level is close to this take into account the recombination of free charges. In the
level, see Fig. &). After band-to-band excitation by the second one, we ignore reverse procesges the thermal
Nd:YAG (1 8(t—tg) being the intensity of the visible excita- emission is very slow af =4.2 K); in that way we can find
tion in a delta-shape pulsefree carriers are created. If we the evolution of the filling factor§ and f’ as seen in Fig.
definef andf’ as the electron filling factors of acceptor traps 5(b). Finally, the third stage will involve the thermal emis-
and erbium-related donor levels, respectively, then the situasion and the erbium excitation on a long time scale. After the
tion can be described by the following rate equations: first two stages, the system will be “prepared” in a quasis-
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tationary(through nonequilibriumstate with no free carriers  dp fo

and equal concentration of charged impurities at donor andg; = _CptrpNtrf_CApNErf/+CptrpOWNtr(l_f)i
acceptor levels. Sincéeshallow) donor-acceptor recombina- 0 9)
tion in Si must involve momentum compensation, it is an

extremely slow process. In this way, the system can “store” f fo
nonequilibrium charges for a long time. N”a =— CptrpNtrfJGCtrpo(l_—f Ny (1—1),
The MIR-induced Er PL is the best investigated under o)
conditions of low excitation density. In that case, we should (10
not expect a band-to-band recombination and can assign df’
=0. During the short~100 p3 duration of Nd:YAG exci- NErH: —CApNgf'. (11)

tation (Atyag), we obtain:n=p=aAty,gl. We can now

find the expressions fdrandf" from Egs.(3) and (4), It can be shown that due to slow thermal process of hole

release from traps into the valence band, we can neglect the

fo Cr ol Cur ) derivative in Eq.(9) and consider quasistationary conditions.
Ci+Chpur 00 Ci+Cour The hole concentration can then be expressed by
Xexd —(Cy + Cpy) aAtypglt], (6) CpurPofo
p= - Ny, (1-f), (12
Cue Cue (1=f0)(CaANgFo+ CpirNi Fo)
r_ r ’ r
fr= CuertCa ( 00 CuertCa and inserting Eq(12) into Eq.(10) we arrive at the solution
XeXF{_(CdEr+CA)aAtYAGIt], (7) (1_f):(1_|:0)
where foy and fg, are the values of the initial filling fac- wexg — CpurPofo CaNeFo t
tors. After several intervals of a(AtYAGI)‘1 the filling 1—f1, CaNgFo+ CptrNieFo '

factors will arrive at the limiting values depending only
on the capture coefficientsi=[C,, /(Cy+Cpy)] and f’ (13

=[Caer/(Cuert Ca)]. However, this is not yet the end of The second factor under the exponent increases the charac-
the second stage, since charges at donor and acceptor levedgistic time of slow recombination since the part of holes
with these limiting filling factors are not equal. This meansemitted into the band are captured again by hole traps. Using

actually that there remain some free carriers in the conducgq. (13) in Eq. (12), the time-dependent expression for the
tion or valence band depending on the ratio of capture coetgle concentration will be

ficients and concentration of impurities. The further capture

of these free carriers will equalize the charge at donor and C fN.(1—F
; L - ptrPofoN ( 0)
acceptor levels leading to the true limiting values of filling p= -
coefficients, (1 =) (CaNgFo+ CpirNi Fo)
CpirPofo CaNgFo
foFm 11— Fi—— U CaeCa XeXp(_ L7 CaN F’+(; YW e
0 O Cy+Cpy| "CaertCha 0 SaNEToT LptrNuo
c.C C.C C.C, 11 In this equation we neglect the first derivative since
+NErC A+p(t:r g t;_Cp” B dE_Lé [(CpirPof0)/(1—f0)J(CaNgF o+ CpyNi Fo) “*<1. Using
dEr™ A tr T ptr dEr™ A the hole concentration given by E.4) and substituting it

(8) into Eq. (11), we arrive at

At this point, considering linear regime of Er PL, some f'=F/— &(14:0)

erbium ions are excited and decay with a lifetimerefl ms. Ner

In the third stage, the system is prepared for the slow exci- ,

tation mechanism, as can be seen in Fig).5After all the ! 1—exg — CptrPofo CaNefo i
fast processes have finished, the recombination will be con- 1-fo CANgF{+ CptrNiFo

trolled by the thermal release of holes from traps into the
valence band and their subsequent capture at erbium donor (15)
levels. We will neglect that there is a thermal emission ofThis slow recombination process is characterized by a time
electrons from the Er-related donor level into the conductiornconstant of
band. This is reasonable, taking into account the postulated

large ionization energy of this lev&g,=150 meV and high

concentration of Er in the implanted layer. The new rate Tor=
equations for slow excitation are

CptrPofo CaNgFg
1- fo CANErF6+ CptrNtrFO

-1
) (19
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and we can use E@L5) as the “driving force” for excitation.

Caf/
In order to solve Eq(5), we assume that the slow Er fr=fl,— AT01Poo ,
excitation can be considered as a quasistationary one. The (CptrNy foot CaNgfop)
result will be

X{l_exq_(cptrNtrf02+ CANErf(I)l)t]}! (24)

T

N*wCApf’NErrw( - and a similar expression fdr After the recharging induced

by FEL, the filling factors will arrive at the limiting values:

. . F¢, following from Eq.(24) andFg; from the one related to
Due to the presence @lofo, the parameters, will contain ¢ These limiting values ensure the neutrality condition of
an exponent: exp{Eyap/kT), whereE, is the binding en-  charge equality at donors and acceptors. Later on, these fac-
ergy of the hole tragifrom the top of the valence band\t 415 will change according to the slow recombinatiog
T=4.2 K, the slow excitation will be important but at higher yrocess described in the preceding subsection. In order to
temperatures [~45K) it will disappear, as verified gdy the dynamics oN*, we consider that an abrupt in-

)Ntr(l_ Fo)exp( - TL) . (17)

Ssr Ssr

; 3
experimentally. crease op~py, in a delta-shape pulse, is responsible for the
) erbium excitation. In this case the concentration of erbium

2. MIR-induced Er PL enhancement after solving Eq.(5) will be

We will now consider what will happen when an intense
MIR pulse is applied at=t;. The MIR radiation will liber- CaPoof 91NEr )
ate holes into the valence band and an abrupt increase of B = Noo Cabocf - = Noo[{1—exp(— CaPoof o1t) }
PL should be observed. This situation is depicted in Fig. AF00701 25
5(d). The relevant rate equations are

whereNgo= Ny, (7/75,) (1—Fo)exp(—t,/7g) is the concentra-
dp , tion of excited erbium ions at the moment when FEL is
a:/-“”FELa(t_tl)Ntr(l_f)_cptrpNtrf_CApNErf ' switched on. Since the traps during FEL pulse loose holes,
(18 the slow excitation value dfi* will drop to a value ofNg; .
The concentration of excited erbium ions, and thus also the
f intensity of Er-related PL after FEL pulse, will evolve the
N”a =Bleg 0(t—t) Ny (1— ) —CpypNif, (19  following expression:

CaPoof 0:NEr
df’ ' lpL~N*=Ngo+ | ———————Ngo
Ner gy = ~ CaPNed’, (20) CaPoof o+ 71
where S is the absorption coefficient of the FEL emission x{l_exq_CApOOfo)lAtFEL)}EX% — (t_tl))
and I g, is the intensity of the FEL pulse fired att;. T
Again, we first consider the fast processes. In this case, we (t—ty) (t—t,)
start by Eq.(19). During FEL pulse Qtgg ), we have +NE, 1—eXF< _ ! )]GXF< _ ! ) (26)
T Tsr
f=fort (1-fo){l—exp(—BlreAtee)}, (2D \yhere
where fo;=1—(1—-Fg)exp(—t;/7,) is the filling factor at NLF
time t=t, taken from Eq(13). Using a similar value fof 3, N* :CptrpOfO CaNefo, Ny (1= Fop) 7
obtained from Eq(14), we can solve Eq(18) during FEL 01—, CourNiFo1+ CaNgFoy '
pulse. In a linear approximation, we get
CptrpOfO CANErF(,)
xXexp — ty].
BlretNy (1 —foy) 1-fo CpuNirFot CaNgFg

CpurNirfor+ CaNedfoy Expression(26) agrees well with the experimental results
_ _ ' allowing to reproduce the slow afterglow effect, and its re-
A= ex~ (CpuNufort CaNefout]}. (22 duction following the MIR-induced enhanceméhtin the
Upon termination of the FEL pulse the concentration of holesabove description the response time of the detector is not
will diminish exponentially, considered, but that will influence only the rising time of the
(FEL-induced Er PL signal which will become slower. In
P=Poo{1—exd — (CpuNy foot CaNgfoptl}, (23 this model, the sublinear dependence of the enhancement
effect—see Fig. 2—is explained. The MIR radiation only
wherepg, is the concentration of holes given by E82) for  release one type of carrier so that the effect is proportional to
t=Atgg andfy, is the filling factor as given by Eq21) at | . The saturation term is actually connected to the filling
the end of FEL pulse fot=t,, Atgg =(t,—t;). Substitut- factor of hole traps and not to the saturation of erbium. It can
ing this solution into Eq(20) we obtain be also shown that if the capture probability of holes by traps
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is higher than by Er-related donors, the majority of holes dp p

induced by Nd:YAG are captured and stored at the traps. In gt~ ¢lvac = CpuP(Ny = py) = — =0, (28)
this case, the intensity of the erbium PL induced by MIR P

radiation can significantly exceed that of the initial pulse, as

confirmed experimentally. %:Cptrp(l\ltr_ pb)—%=0. (29
b

C. Comparison with experiment . .
P P We have introduced here the concentration of bound holes

The system of Egs(1)-(5) contains many constants p, instead of the population factor of the trap stafes
which should be taken from experiment for simulation of =N, (1—f)], and two characteristic lifetimes of free and
results. Therefore, the simulation procedure is rather cumbegound holes which are connected with the capture coeffi-
some and subjected to some arbitrariness. Besides, the megents and some concentration of electrons in the conduction
surements of power dependence of luminescence intensityand which is assumed constant for the purpose of lineariza-
were done in arbitrary units, since accurate measurements ghn, of the equations involvedq-gl: rn,m, '=Cyn). This
absolute intensities are difficult. This fact does not allow toeans that our approximation is fairly crude; nevertheless, it
determine parameters of the mateiifar instance, the con- gives a good agreement with the experiment.
centration of traps directly from the experimental data = The solution of this system connects directly the behavior
shown in Figs. 2 and 3. However, it is easy to obtain approxivf injtial and delayed PL signals: until all the traps are not
mate solutions of a simplified system of the rate equationgjieq, the initial PL signal rises weakly with the Nd:YAG
and compare the resulting functional power dependences itensity, and only when the saturation of the delayed PL is
luminescence intensity with the experiment. These solutiongeached, this rise becomes stronger. The simulation of ex-
concern with the dependence of the Er PL intensity on thgyerimental results according to the solution of EG8)—(29)
power of the Nd:YAG lasefinitial excitation and the de- s compared in Fig. 3 with the measured amplitude of
pendence of the Er PL enhancement on the power of FENd:YAG- and FEL-induced Er PL signals demonstrating a
(delayed excitation _ good correspondence between the experiment and the theory.

I the characteristic capture times are small compared 10 Finally, we should present numerical values of relevant
the duration of both laser pulses, we can use the quasistatiogarameters which permit the use of quasistationary approxi-
ary approximation for the state during the laser pulse. Wenation and allow the satisfactory simulation of experimental
shall use the linearized version of rate equations assumingata. To support the approximation of quasistationary situa-
that the intensity of initial PL signal excited by the yitrium tion it is necessary to estimate the capture times. The follow-
aluminum garnetYAG) laser is proportional to the concen- jng values of these parameters were adopted: the concentra-
tration of free holes, while that of the delayed PL signalion of trapsN,, = 10*> cm™3, the capture coefficient of holes
induced by FEL to the concentration of holes bound at thes = — ;. v/, | where the capture cross section of holes by
traps. This assumption suggests that the necessary Conce”tﬁggatively charged  center o, =10 ©cn?, 16 v,
tion of electrons for the excitation Auger process is always_{of cms? is the hole velocity, so the capture time is

available (they can be in the conduction band during the, ch less than the duration of the YA@nd FEL pulse.
Nd:YAG pulse or populate the donor levels .. The capture coefficient of the electrons by a neutral acceptor
If this concentration of electrons does not change signifivanier is Cy=0Ve, 0o=10 1cm?, V~10F cms !

H r ever e 1 e 1
cantly during the Nd:YAG laser pulse, the calcullated CONCeNz | the capture time is of the order of the pulse of Nd:YAG
tration of free(or bound holes reflects the amplitude of the uration. The recombination time, can be estimated from
PL signal measured in arbitrary units, i.e., the calculations of,o qata of Thaet al.l” where the value of nonradiative
the hole concentrations can be directly compared to the €Xgcompination coefficient at low temperature of the order of

periment represented in Figs. 2 and 3. 10~° cm® s~ is given. Therefore, the characteristic lifetime
To consider the dependence of the PL enhancement on tr?g around 410 s for the YAG photon flux of

FEL power, we can use one equation for free holes in thq024 cm 257! using the absorption coefficient value of 4

form x 10* em™1 (in this case the concentration induced by YAG
is 2.3x10° cm%). The reasonable value of absorption
dp _ e (Np = P)— Co p2=0 27) cross-sectionB, for the FEL radiation is 10'® cn?, so the
ar ~ Pol rer(Nir=p) = CprP"=0, absorption coefficient can be 0.1. The photon fluxes of the
YAG laser is of the order of # cm 2s 1, while that of
where we have used the condition that the concentration dfEL is 2x 10'® cm™2s 1. We note that these estimates are
free holes in the case of excitation from the traps should beonsistent with the quasistationary approximation used in the
equal to the concentration of the trap states without holesnodel and justify the use of quasistationary solutions.
i.e., filled by electrons. The solution of this quadratic equa-
tiqn is fitted to experimental data in Fig. 2, Qemon_strating a V. DEVICE IMPLICATIONS
fair agreement. At low FEL powers, the PL intensity grows
as a square root and then tends to saturation. There are two important conditions which have to be sat-
To determine the dependence of the Er emission on thisfied in order to develop Si:Er-based devices for room-
YAG power we need the system of equations temperature operation. We need efficient excitation of Er
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ions while at the same time nonradiative deexcitation shouldor traps could be, e.g., indiufsingle acceptor at 155 meV
have to be suppressed. Excitonic process provides a go@bove the valence bandr a double acceptor zinc. We note
excitation of Er at low temperatures. Unfortunately, its effi- that thermalization of the Er-related electron trap is of lesser
ciency diminishes upon temperature increase due to dissocianportance in view of the high Er concentration in the im-
tion of excitons. Yet another problem, appearing for highemlanted layer, which compensates the statistical advantage of
temperatures and for high pumping densities, is the Augethe band.

energy transfer to free carriers. This nonradiative recombina-

tion limits the maximum number of Ef ions that can attain VI. CONCLUSIONS

the excited state. Our current results offer a possibility to N . -
circumvent this problem. As discussed in the grevious );ec.- A nonexcitonic mec_h_amsm of 1.54m_ emission of E3r+_
tions, excitation of EF* ions can be realized by the recom- ions in a crystalline silicon has been identified and micro-

bination of electrons localized at the Er-related level s;hortlysmpICaIIy modeled. Excitation of ET is achieved upon the

after band-to-band excitation with holes supplied subse'€lease of free holes into the band, by their recombination

quently by (thermal or optical the ionization of traps. The with electrons localized at Er-related donors. Therefore, this
most characteristic feature of this process is the time separ _echar;lsdm IS mostj pronoutnced lfor comﬁJarabIe congeptra-
tion of electron capture and the electron-hole recombination,0NS Of dONors and acceptors. In samples prepared rom

Consequently, the erbium excitation is effectively governe type substrate's, the nonexc_:|ton|c mechan[sm dominates
only by the release of holes into the band. In this casé Er under low pumping rates and is also responsible for the re-

ions are prepared for excitation by capturing of electrons a eg{?’n:ji%%réegrlgvl\_"t_?rr;pggasgﬁael?sgjrgfoe;f:ﬁ;g:]og\\llvfnizéz_e
the Er-related level. Since our research shows that process ' y

of electron capture and electron-hole recombination can pified Er excitation channel is the stable character of the situ-

arbitrarily separated in time, the preparation of the Si:Er sysf"tIon when electrons are captured at the Er-related traps. In

tem for excitation is realized by filling all the Er-related elec- this state, wh|ch.ca'n pers!st indefinitely, the Si:Er syste'm IS
tron traps—a condition easily fulfilled im-type material. prepared for excitation which then takes place at an arbitrary

The excitation can then be accomplished upon injection Opwoment, upon arr_lval of holes. This flndlng_ could open new
holes. In such a scheme, the free carrier concentration can ays towards the increase of thermal stabilily of PL emission

much lower than that required for efficient exciton genera-nriorrnn Stl:hEr.éAilso, n ((:jont)E&ﬁtttio ;he ?ﬁcgon-mﬁd;arted rir;ecrfllia-h
tion. Consequently, the Auger deexcitation would be sup- sm, e discussed excitation pa 0€sS Not require hig

pressed. Exploration of this excitation route could open neyyoncentrations .Of free _carrl_er(xelectron_ ar_1d_h0|es can be
possibilities for efficient reduction of thermal quenching of mtroduged at dlﬁgrenténmg mtervz_)lsThls limits the Auger
emission from Si:Er structures. guenching of e_xcned i* ions which appears at low tem-
A separate issue is the question of whether the MIRFeratures for high pumping rates.
m_duced generation of Er PL could be reahzgd also at a ACKNOWLEDGMENTS
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