PHYSICAL REVIEW B VOLUME 61, NUMBER 8 15 FEBRUARY 2000-II

Energy transfer between shallow centers and rare-earth ion cores: Eft 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 theeflectron core of the Ef ion in a trap ionization process
induced by a mid-infrared pulse from a free-electron laser. In that way, Er-related luminescence.at t&n
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.

[. INTRODUCTION pation of the higher-lying\,, conduction subband has been
considered. None of the proposed mechanisms could be
Properties of erbium-doped silicon receive much attentiorsupported by spectroscopic data, however.
due to photonic potential of this material. However, in spite  Recently, two-color spectroscopy with a tunable free-
of extensive investigations, the available information on theslectron lase(FEL) operating in the mid-infrare@MIR) has
energy-transfer processes taking place in Si:Er is mostly phéseen successfully applied to investigate the energy-transfer
nomenological and their understanding remains rather specprocess between thef &lectron shell of an Ef ion and
lative. Yet only full control of the excitation and de- silicon host. An intense MIR pulse of a chosen wavelength,
excitation paths available to the rare-eafRE) ion Er  power and timing is used to selectively address shallow lev-
imbedded in a semiconductor Si matrix will allow for opti- els available in the material. In that way levels participating
mization of emission intensity and its thermal stability. Con-in the Er-related energy-transfer path can be distinguished by
sequently, it is these fundamental aspects which will be dethe FEL-induced changes of the Er photoluminescence gen-
terminative to the event of versatile silicon photonics basecerated by band-to-band excitation with a second laser oper-
on Er doping. ating in the visible. The experiment showed that the excita-
The current information on the specific excitation mecha-+tion mechanism could be disrupted by the MIR pulse when
nism of Er ion in silicon has been almost exclusively gath-applied shortly after the visible laser pulse. In that way an
ered from investigations of the thermal behavior of photolu-existence of a two-stage excitation mechanism for ah Er
minescence (PL) intensity and lifetime. These ion embedded in silicon host has been explicitly shéwn.
nonspectroscopic experiments are rather indiscriminate anBlased on the quenching magnitude, lifetime of the state in-
obtained information is not very specific, as different energytermediating the energy transfer was estimated as approxi-
transfer processes are simultaneously activated and their imately 100 xs® We note that such a long value is not ex-
dividual contributions entangled. The situation is furtherpected for states whose lifetimes are controlled by Auger
complicated by multiplicity of Er-related optical centers in recombinations; rather it seems typical for excitons bound to
Si.! which are very likely to differ also in details of their isoelectronic impurities. If Er excitation would proceed ex-
energetic coupling with the host material. This is in a strikingclusively via the intermediate state, its lifetime should corre-
contrast to another semiconductor:RE system InP:Yb. Fospond to the transfer time determining the rise of PL signal
generation of Si:Er luminescence different mechanisms havimtensity upon the excitation pulse. In experiments per-
been put forward;these include exciton bindintf recom-  formed with a fast detector which reproduces the true time
bination of an electron bound at an Er-related donor cénter development of the PL signal, Tagu@tial. reported the rise
and impact with hot electrorfsAlso a possibility of partici-  time in the studied material to be much shortéforeover,
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recent experiments show no MIR-induced quenching in ' T ' ' T ' ' '
oxygen-rich Si:Er samples containing exclusivelybic Er
center. These different results can be reconciled if we assume 0.3 F .
that Er can be excited by a variety of ways, each character-
ized by different transfer rates. An important question there-
fore arises on the uniqueness of the Er excitation path and, in
particular, whether participation of an intermediate state
forms always a significant step in the excitation process.

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

Cz-Si:Er, A =125 um

0.2

PL INTENSITY (arb. units)

Il. EXPERIMENTAL DETAILS

The experiments have been performed at the Free Elec- 00F — L L . L . L 7
tron Laser for Infrared eXperimentBELIX) users facility at 0 1 2 3 4
the FOM Institute for Plasma Physics “Rijnhuizen” in Nieu- TIME (ms)
wegein, The Netherlands. MIR pulses of approximately$-
duration and up to approximately 5-mW power have bee
used. For spectroscopical measurements the wavelengt

Mg Was varied within 7.5-1f.m range. For band-to-band time development of the PL signal generated in the oxygen-
excitation the second harmonic of a pulsed Nd:YAG laselich sample by a nanosecond pulse of the visible light from a
operating at\yac=532 nm or a cw solid-state laser with Nd:YAG laser. From the decay of the PL intensity lifetime
Mpiope=820 nm were used. The signal was detected with &f the 41,5/, excited state of Bf" ion is determined as ap-
germanium detectofNorth Coast, 7~75 us) through a proximately 1.2 ms. The upshifted curves show PL responses
narrow-band pass filter tuned to the Er-related emission afhen an MIR pulseXrg, =12.5 um) is also applied on the
Mg =1.54 pm. All the reported experimental data were ob- sample at different delays in respect to the band-to-band ex-
tained for samples placed in a helium gas flow cryostat atitation pulse. As can be concluded, MIR light generates
cryogenic temperatures between 4 and 40 K. More details oadditional PL signal of considerable intensity. Within the
the experimental setup for the two-color spectroscopy withexperimental error the decay time of the MIR-induced PL is
FEL can be found in Ref. 8. identical to that of the signal generated by the band-to-band
While the effect of the MIR-induced Er PL was found to excitation. This feature, in addition to the characteristic
be omnipresent in a large variety of differently prepared mawavelength, identifies the MIR-induced PL as Er related.
terials, two particular samples, representing two differeniConsequently, we conclude that the MIR pulse from FEL
classes of Si:Er materials, have been chosen for the presefaids to an increase of the excited Er concentration, and
study. One sample was low-ener(820 keV) Er implanted  therefore activates Er excitation mechanism. The magnitude
oxygen-rich p-type Cz-Si. The sample was further coim- of the effect depends on the particularities of the sample: in
planted with oxygen and annealed at 650°C for 30 followedthe oxygen-lean sample it is considerably smaller than in
by 15 min at 900°C. The PL spectrum of the sample conCz-Si. It also depends on delay tird between the visible
tained predominantly the cubic Er center. The second samplgnd the MIR pulses; under the chosen experimental condi-
was prepared from Fa-type (P]~6x 10" cm™>) oxygen-  tions the effect initially grows, attains a broad maximum for
lean material by Er implantatiofl100 keVj at an elevated At~3-5 ms, and gradually diminishes to zero fart
temperature of 500°C. No coimplants have been used and n830 ms. We note that the MIR-induced Er PL can be ob-
further heat treatment has been applied. Deep level transieggryed exclusively when the FEL pulse is preceded by the
spectroscopy(DLTS) measurements revealed presence olisible laser excitation: the MIR pulse applied prior to the
donor centers with ionization energy of approximately 280band-to-band excitation does not generate any PL.
meV. The PL spectrum was dominated by noncubic compo- The experimentally obtained wavelength dependence of
nents. Several samples with different implantation dosesghe magnitude of the MIR-induced Er-related PL, scaled for
were tested; a sample with the maximum PL intensity hasin identical number of photons per pulse at every wave-

FIG. 1. lllustration of the MIR-induced Er PL generated with
gL=12.5 um in Cz-Si:Er for different delay times.

been chosen for detailed investigations. length, is shown in Figs.(@) and(b) for the oxygen-rich and
oxygen-lean samples, respectively. A clear difference be-
IIl. EXPERIMENTAL RESULTS tween the results for both samples is concluded. The effect of

the MIR-induced PL has also been investigated under condi-
The current study is based on an observation that the MIRions of continuous band-to-band excitation with a solid-state
pulse applied with a considerable delay to thisible lasef  laser; the wavelength characteristics obtained in that case is
excitation pulse generates additional PL signal at the wavealso included in Fig. @). Comparing both data sets in Fig.
length characteristic for Er emission. The effect is illustrated2(a) we conclude that the wavelength dependence remains
in Fig. 1. It was observed in all the investigated materials inidentical regardless of the excitation regime, while the mag-
4-40-K temperature range. The lowest solid trace showsitude of the effect is larger under cw illumination.
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FIG. 2. Wavelength dependence of the magnitude of the MIR- FIG. 3. Power dependence of the magnitude of the MIR-induced
induced PL for an oxygen-ricte) and an oxygen-leath) sample.  PL for the oxygen-rich[J) and the oxygen-learlf) sample under
Solid lines represent numerical fits obtained with Ef). See text  conditions of (a) pulsed fyag=532 nm) and(b) cw (Apope
for discussion. =820 nm) band-to-band excitation. The experimental data are fit-

ted with the formulad p, =cqlgg /(1 +Colgg) andlp =cylggL

Also the MIR power dependence of the additional Er ex—fOIr (&) and (b), respectively.

citation has been investigated and is illustrated for both
samples in Fig. 3. It was found to be different for pulsed and
cw excitation. Figure @) presents data obtained for both

samples under condition of pulsed band-to-band excitation; From the experimental data obtained in the presented
the effect is initially linear and saturation sets in for higherstudy we conclude that the Er related emission can be gen-
power values. Experimental data could be successfully fitted otaq with a light pulse in the mid-infrared range. Since the

with a formula Ip,=Cylrg /(1 +Colrel), Wherelee, IS smallest energy necessary for generation of the,, EX*

FEL power andc, andc, are fitting parameters. In contrast state responsible for the luminescence is approximately 800
to that, the MIR-induced PL obtained for a cw band-to-banq"neV' and therefore much |arger than the MIR quantum en-
excitation—Fig. 8b)—shows practically no saturation over ergy of 70—-170 meV, it seems plausible to assign the effect
four decades of FEL pulse power and is found to follow theto a multiple photon absorption. However, the experiments
square-root dependentg, ~ 1 g, show that the band-to-band excitation proceeding the MIR

IV. DISCUSSION

A. Proposed mechanism of MIR-induced PL
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™~ 3/2
CB1 e /L o= const (m}%, (1)
FEL Er (hp)=7<7
e Tt | L o
D, D, & ! \‘c DBE| wherehv and E_D (?orr_espond to the energy of the ionizing
PL e ! beam and the ionization energy of the trap, respectively.
9 - ‘ J‘ | parameter (& y<1) depends on the particular form of the
I binding potential and isy=0 and y=1 for the §-like and
= —J%I Coulomb potentials, respectively. Equatidn gives a rather
vB 152 = broad and featureless wavelength dependence, with an onset

corresponding tchv=E, and a maximum ahv=%E,

FIG. 4. Schematic illustration of the proposed mechanism re&ndhv=2Ep for the delocalized and localized binding po-
sponsible for the MIR-induced Ef excitation. tentials, respectively. Comparing the wavelength dependen-

cies obtained experimentally for the oxygen-rich and

pulse constitutes a necessary condition for the effect to ocoXygen-lean samples we conclude that different traps are re-
cur; the additional PL is not observed when the FEL pulse i$ponsible for the MIR-induced excitation of Er in these ma-
applied prior to the Nd:YAG laser pulse. We can thereforeterials. While for both samples PL intensity exhibits a similar
exclude direct multiphoton absorption by*Erions (or by Si  growth for the largest energy quanta, the ionization spectrum
matrix) as a possible excitation mechanism and conclude thdf Cz-Si has also a broad maximum at a smaller energy, with
the energy provided by the excitation in the visible is stored@n extrapolated onset at approximately 60 meV and a broad
away for some time and is then transferred to Er ions upofinaximum around 90—-100 meV. Following our interpretation
application of the MIR pulse. The energy storage can bave conclude that the trap responsible for the MIR-induced
realized either by exciton localization or by carrier capture af’L is in that case characterized by an extended binding po-
shallow centers. In either case, these might then be releaségntial and an ionization enerdyp,~60 meV. This value
by a subsequent MIR pulse and become available for reconfalls well within the range of ionization energies of typical
binations at the Er-related traps, leading to the Er core excishallow effective-mass-theory centers in silicon. The obser-
tation. The localization energy must be sufficiently small, sovation of a shallow oxygen-related center participating in the
that the process can be activated by the MIR. Such an effe@nergy-transfer processes pertinent to Er core excitation is
is in its appearances similar to thermoluminescence, whefpectroscopic evidence of influence of oxygen on the optical
carriers bound to various defects have a considerably longctivity of Er in silicon. The experimentally measured ion-
lifetime and can therefore be thermally reactivated to thezation cross sections show a very pronounced increase for
band becoming thus available for radiative recombinationsthe largest energies of the MIR beam. We assign this feature
Consequently, in order to account for the effect of the MIR-t0 @ deeper trap characterized by a binding enegy
induced Er PL, we propose a similar mechanism, as depictett 100-120 meV and, most probably, by a more localized
in Fig. 4. Free carriers excited by the visible light undergopotential. This trap is apparently identical in both investi-
various recombinations, some of which result in Er excita-gated materials, and is likely to be introduced by the Er ion
tion, giving rise to luminescence. In strongly defected mateitself. Alternatively, it could represent an inherent feature of
rial, however, many carrier trapping centers will exist, thesilicon matrix revealed here via its influence on Er excita-
majority not being Er related and therefore not contributingtion.
to Er PL. These, on the contrary, provide alternative chan- Finally, we note that although the MIR radiation pen-
nels of (mostly) nonradiative recombinations. Some of them etrates the whole sampland not only the thin subsurface
will serve as efficient recombination centers, while othersmplanted layer as is the case for the visible pyisee de-
may have longer lifetimes. The intense MIR pulse appliedection of its effects proceeds only via Er-related emission.
shortly after the excitation might ionize the long-living traps. Therefore this particular form of ionization spectroscopy is
The free carriers and/or excitons generated in that way mighgxclusively sensitive to centers which are capable of trans-
be recaptured at Er-related centers capable df Epre ex-  ferring their energy to Er ions; this is likely to be easier for
citation. Consequently, additional PL will appear, with its centers located in direct vicinity of Er ions, rather than in the
magnitude governed by the concentration, capture cross selulk of the sample.
tion, and lifetime of relevant traps.

C. Power dependence

B. Wavelength dependence The integrated intensity of the additional PL signal is pro-

In contrast to the indiscriminate character of thermal ex-portional to the number of Bf ions which attain the excited
citation responsible for classical thermoluminescence, thetate following the MIR pulse. On the other hand, the opera-
monochromatic MIR beam allows for a selective and inde-tional power of FEL determines the actual number of pho-
pendent addressing of shallow traps available in the materiafons contained in the MIR pulse. Therefore the linear power
According to the proposed mechanism, the wavelength dedependence of the MIR-induced PL intensity experimentally
pendence of the magnitude of the effect—see Figfound in case of pulsed excitation implies that there exists
2—corresponds to the ionization spectrum of dominant trapalso a proportionality between the number of MIR photons
contributing to the energy storage process. It has beeand number of additional recombinations leading to Er exci-
showrt® that the photoionization cross sectienof a trap  tation. We conclude that the trap ionization due to MIR pho-
can be described as ton absorption leads to a release of an excitmund-to-free
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exciton transition or that the carriefan electron or a hoje dNpya

ionized from the trap can recombine with carriers of the op- dt =0=veaNyx— VirNpxa; (4)
posite charge available in the material. In both cases the

intensity of additional PL will increase linearly on MIR dN*

power until, at high densities of MIR photons, the saturation
effect will set in, as the number of populated traps becomes dt
exhausted. As evidenced by FigaB this scenario is fully  wheren,, n,,, Ny, andN* are concentrations of free,
consistent with the experimental data obtained for bothound nonactive, and bound active excitons and excited Er
samples under conditions of band-to-band excitation with gons, respectivelyG is the electron-hole generation rate by
pulsed laser operating in the visible. N the cw operating laser diodes, and v., are the capture
The situation will be different under conditions of con- coefficients of free excitons by nonactive and active donors,
tinuous illumination(cw) with the solid-state laser. In this respectively,v.,mp is the total capture coefficient of free

case all the centers, related and unrelated to Er, attain eqUixcitons (eomu= ven+ Vea), Vi iS an energy-transfer coeffi-
librium concentrations as excitation and recombination progient from active bound excitons to Er iongfl is the life-
r

cezses bal_ﬁnce_ each oth”er. Applicajtlionb?)f tl?e MIR lr)"?‘diaﬂo'ﬁme of the active bound exciton relative to Auger excitation
under cw illumination wi “emp_oraf'?_ ock recombina- processy, * is the lifetime of the nonactive centers, and"
tion channels involving shallow impurities by ionizing them; ;

> LT . s the lifetime of an Er ion in the excited state. This set of

at the same time other recombination paths will be promote - -
. T ate equations yields

Such an effect will be somewhat similar to that observe

=0=vyNpxa— ¥N*, (5

under application of the microwave field. In view of an evi- Ny=GVeomb, (6)
dently very long lifetime of centers involved in the mecha-

. . . . v,
nism investigated here, we might assume that these levels Npxn= G Voo bﬂ, (7)
will be completely filled under conditions of continuous My

band-band excitation, thus resulting in carrier storage. Gen- ’

eration of extra carriers in the band by the FEL will resemble nbxa:(;,,c*olmbﬁly (8)

generation of electron-hole pairs across the band gap, with Vir

the recombination kinetics being bimoleculaénp;y, Vea

~lggL @andon=pjn,, Wherep;,, corresponds to concentra- N* = GVEolmb—: (9)

tion of empty traps, andn is the “additional” concentration ) ) ) v ] ]

of free electrons generated to conduction band by MIR phoWith the intensity of erbium luminescence being given by

ton absorptior{we have implicitly assumed here the traps to!pL=N*/7r, Wherery is the radiative lifetime of the excited

be donors This is clearly different than in the previously State of Ef™ ion.

considered situation under pulsed excitation, where we had If we apply a short pulse of a free-electron laser, a change

SN<pimp. If we now consider that the application of the of erbium luminescence intensity occurs. We assume that the

MIR pulse is a small perturbation of the equilibrium situation ©nly quantity which can be seriously influenced by the free-

determined by the cw laser, the additional MIR-induced Erelectron laser is the capture coefficient,, sincer, andv

PL will be proportional to the productnp (wherep is the ~ cannot depend on the absorption of MIR light andis not

number of holes generated by the primary bgaand thus to conne_cted in any way with excitation of Er. Guidgd by the

gL, in agreement with the experiment. experiment, we assume further that only nonactive centers
We can more rigorously describe the equilibrium situation2'® influenced by absorption of MIR light while its energy is

using the excitonic mechanism developed for Si'Egince 100 low to induce changes in the capture coefficient of active

the experiment was done at a liquid-helium temperature, wE€Nt€rsvea.

shall assume that practically all electron-hole pairs excited N fact,

by visible light are bound into free excitons and that concen- Ven=0cNoVr, (10

trations of free electrons and holes are very low. Free exci-

tons migrate and are captured by neutral donors induced byhereo is the capture cross sectidg is the concentration

erbium complexes. We further assume that there exist tw@f neutral donorgnonactive centejsVy is the thermal ve-

types of capture centers one of which does not activate efocity of free excitons. Since the capture time of carriers at

bium ions(we shall designate it as “nonactivetwhile the  donor levels is short+ ns) in comparison to the duration of

other produces excitation of erbium luminescer(tac- the FEL pulse, we assume that the equilibrium between free-

tive” ). Under stationary conditions of erbium pumping the electron and ionized donor concentrations is established. In

equilibrium situation will be reached. The appropriate set ofthat case, on application of the free-electron laser pulse the

rate equations will read concentration of neutral donors changes according to a ki-

netic equation:

dn, dSNg
gt =~ 0= G~ veomt: 2 T:_IFEL5(t_t1)UIRNO+ yonéNg
= —lpe 8(t—t1)arNg+ ¥(SNg)?, (11
dnbxn:0: S 3) wherel gg, is the intensity of a free-electron laser applied at
dt e FLTbxn t,, or is the cross section of MIR light absorption by neu-
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tral donors, an@n and 6N, are the FEL-induced changes of the material, with the recombination energy being transferred
the conduction-band electrons and nonactive donors, respet the 4f-electron shell of EY" ion. Such an excitation is
tively. Absorption of MIR light will decrease concentration then somewhat different than the one usually considered,
of neutral donors and block the formation of bound excitongvhere the localization of an exciton af@eutra) Er-related

at nonactive centers. Assuming that the situation is quasistalonor center is assumed to take place directly following the
tionary we can neglect the derivative and solve Bd) to  band-to-band excitation. At the same time, this scheme does

get not involve hot carrier injection as in electroluminescence.
Current results are also relevant for the issue of the well-
[o1rRNol Fg At documented but thus far unexplained special role of oxygen

SNo~ y ' (12) in the PL of Si:Er. As conclusively established from the

) _ _ wavelength dependence, oxygen provides shallow trapping
whereAt is the duration of the MIR pulse. Now this sudden centers active in temporal energy storage. At low tempera-
rise of the poncentrathn of free exc!tons induces adqmona{ures carrier trapping at oxygen-related centers appears then
flow of excitons to active centers with a corresponding in-tg provide an alternative recombination path competing with
crease of erbium luminescence intensity. These effects cagy excitation. However, since the total intensity of Er PL is
be described with the same set of E@®—(5) (this time not  tound to be higher in oxygen-rich than in oxygen-lean mate-
in equilibrium, as a transient signal will be creatathere  (jg) we conclude that the oxygen-related recombination path
the role of the excitation “source” is played by the term  5nnarently replaces other efficient channels of nonradiative

A recombination. Further, the current experiments show that
AR / MG Vgolme[l S(t—ty). (13) the energy trans_fer_from oxygen-related cgnters to Er is_pos-
Y sible upon application of a MIR pulse. It is then plausible
that a similar transfer can also be induced thermally, at an
elevated temperature. In that case oxygen presence would

v v effectively enhance the small excitation cross section of Er,
N*=A—=2 il the notorious fundamental problem of all semiconductor:RE

Vir ™ Veomb Peomb™ ¥ systems. Recent experiments performed on Cz-Si:Er samples
x{exg — v(t—ty)]—exd — veomdt—t1)}, (14) additionally impla_nted with oxygen revealed that the Ena_gni-
tude of the MIR-induced signal comparable to the “origi-

Under assumptiomw,, > v.,mp We will get now

where nal” PL generated with visible laser pulse could be
achieved. This result illustrates efficiency of the shallow trap

Aeos [oirRNol Fe At ok oot (15 related excitation mechanism revealed in the current study.

b4 While the available data do not allow for a conclusive

. . ) microscopic identification of the shallow oxygen-related
Such a dependence will produce an additional signal of Efgye| participating in the proposed energy transfer, it is cer-

PL whose magnitude will be proportional to the square rootainly tempting to suggest the involvement of thermal donors
of the FEL set power. This is indeed confirmed by the ex-(Tp's) which are known to be formed by practically any heat
periment over four decades of FEL pulse energies, see Figaaiment of oxygen-rich silicon, and whogultispecies

3(b), supporting the proposed model. first ionization donor level appears at approximately 50 meV
below the bottom of the conduction band. Since generation
V. CONCLUSIONS kinetics of thermal donors is proportional to the fourth power

The presented study reveals that the excitation energy cat?{ oXygen goncentration, it is possible that TD's concentra-

be stored in a silicon crystal for an unexpectedly long time, lon in direct surrounding of Ef" ions is significantly in-
and then transferred to erbium core upon application of thgreased.
MIR pulse. This observation has important implications ad-
vancing our understanding of the energy transfer responsible
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