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Interaction between Er ions and shallow impurities in Si nanocrystals within SiQ

Keniji Imakita, Minoru Fujii* Yasuhiro Yamaguchi, and Shinji Hayashi
Department of Electrical and Electronics Engineering, Faculty of Engineering, Kobe University, Rokkodai, Nada, Kobe 657-8501, Japan
(Received 12 July 2004; revised manuscript received 1 September 2004; published 31 Maijch 2005

The interaction between &rand shallow impurities in Si nanocrystalsc-Si is studied for SiQ films
containing Er and nc-SiEr:nc-Si: SiQ). The luminescence property of Eiis strongly modified by shallow
impurities in nc-Si. The formation of excess carriers in nc-Si by P or B doping results in the quenching of
infrared photoluminescend®L) of Er** and the shortening of the lifetime. When P and B are doped simul-
taneously and carriers are compensated, the intensity and the lifetime are recovered. It is shown that the
mechanism of the interaction is Auger de-excitation of excited @ith the interaction of electrons or holes in
nc-Si. The estimated Auger coefficient is found to be two orders of magnitude smaller than that of Er doped
bulk Si at low temperatures where carriers are bound to donor or acceptor ions, and four orders of magnitude
smaller than that at room temperature. This small Auger coefficient makes nc-Si immune from the impurity
Auger de-excitation process compared to Er doped bulk Si and is considered to be responsible for temperature
independent efficient PL of Er:nc-Si: Sj@ystems.

DOI: 10.1103/PhysRevB.71.115440 PACS nunt®er78.67.Bf, 73.22-f, 78.55—m

I. INTRODUCTION of nc-Si, the fast process was always the dominant energy
transfer process in all the samples studied.

Si nanocrystalgnc-Sj act as an efficient photosensitizer  This conclusion seems to contradict the fact that lumines-
for Er ions (Er**).1"* The excitation cross section of cence properties of Er:nc-Si:Sj@re much different from
Er* in SiO, (Er:Si0,) is enhanced by more than four those of Er:bulk-Si. Especially, the degree of temperature
orders of magnitude if nc-Si are simultaneously dopedquenching of PL is much different; PL from Er:nc-Si: SiO
(Er:nc-Si: SiQ).>8 The enhanced excitation cross section isis almost insensitive to temperature, while that from
due to indirect excitation of Ef by the energy transfer from Er:bulk-Si shows very strong temperature quenching. As the
nc-Si. Since the absorption band of nc-Si covers the whol@rigin of the strong temperature quenching of Er:bulk-Si,
visible range, EY* can be excited by white light. The lumi- two major de-excitation processes are considétédThe
nescence from Bf in this system exhibits almost no tem- first one is an energy back-transfer procgsg. 1(a)]. Since
perature quenching. Due to these remarkable features thibe lifetime of excited state of Ef is very long, the reverse
system is considered to be a key component to realize plan&nergy transfer process can compete with spontaneous emis-
waveguide-type compact optical amplifier operating atsion; excited Et* relaxes by exciting an electron to the trap
1.54 um?2 level in the band gap of host Si. If the electron is thermally

Detailed experimental and theoretical studies have beeactivated to the conduction band, luminescence frofi Br
carried out to elucidate the mechanism of energy exchangest. This process becomes more significant at higher tem-
between nc-Si and Et.5-81011|n previous paper® ! we  peratures, resulting in very strong temperature quenching.
studied the photoluminescen¢BL) transient of E¥* after ~ The other de-excitation process is Auger de-excitation of ex-
pulsed excitation of nc-Si hosts and found that the intensitycited EF* with energy transfer to free carriers in host{Big.
continues to rise after finishing excitation. The rising partl(b)]. The Auger coefficient of this process is determined to
contains valuable information about the energy exchangbe C,=5x10cm®*s™ for both free electrons and free
mechanism. The analysis of the rising part revealed that thefeoles!®18 When free carriers are frozen and the donor and
are two different energy transfer processes occurring simulacceptor levels are occupied at low temperatures, the inter-
taneously, i.e., fast and slow processes, and the ratio of the

fast to slow processes changes, depending on the size of T

nc-Si and Er concentration. From the size dependence of the ~ C 3%3— C Ng

energy transfer time, the fast process was assigned to be a a S 4 4
trap-mediated process; an excited electron is trapped3o Er I & 1ar2 e
related center in the band gap, the recombination energy of a _ _

bound exciton is transferred to ¥rby Auger-like process, . .
and EP* is excited to the first excited stateThis process is Ve N lise V 7777 . L2
essentially the same as that in Er doped bulk Si crystals nc-Si  Ef’ nc-Si  Er
(Er:bulk-Sj).1>714 On the other hand, the slow process is a (a) (o)
characteristic one occurring only in nanocrystalline systems.

This is probably the Forst€r type Coulombic interaction FIG. 1. Schematic representations of two possible nonradiative

between free excitons in nc-Si and®ErAlthough the ratio  de-excitation processes for Erbulk Si: (a) energy back transfer
of slow to fast processes increased with decreasing the sizid(b) Auger deexcitation with free electrons.
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action is made between ¥rand electrongor holes bound infrared (IR) absorption spectroscop§?®> Er concentration

to shallow donorgacceptors The efficiency of this process was fixed to be about 0.02 at. %.

is two orders of magnitude smaller than that of the Auger After the deposition, films were annealed in, Nyas

de-excitation with free carrief$:'8 Therefore, the efficiency (99.999% atmosphere for 30 min at 1150 °C. By annealing,

of the Auger de-excitation is also strongly enhanced at highefc-Si were grown in films of the mixture of S}OErO;,

temperatures. B2O;, and/or BOs. During the growth of nc-Si, P, and/or B
The fact that Er:nc-Si: SiQshows very small tempera- Were incorporated and activated in nc-Si. Growth of single-

ture quenching suggests that these de-excitation processgiyStalline nc-Siin glass matrices was confirmed by trans-

ySt . \ > con
are inefficient. The asymmetry between efficient excitatiorfMiSSIon electron microscopic observatidfi$® The average

and inefficient de-excitation is thus the origin of the charac-512€ Of nc-Si in pure Si9was about 4 nm in diameter. At

teristic luminescence properties. The reason for the Sma!ﬁ\(ljvePegggn?ofi?r?Cﬁmra(t;l(())r?éetr?t?atsilozr? V%Li?géstlh}lvﬁscgrl:g::-t
de-excitation efficiency can qualitatively be explained as fol- P purity ’ 9

e ) tration (e.g., >1 mol%), the average size became slightl
lows. The de-excitation by back transfer is completed by twqarger t(hag that of nc-)Si in pure Si%)vith the same Si an_y
consecutive processes, i.e., the excitation of an electron to

N Hentration. This is because glass matrices are softened by P
Er-related level and the thermalization of the electron to th nd B doping, resulting in longer diffusion length of Si at-

conduction bandsee Fig. 1a)]. The Er-related-def_ect level oms during annealing, which makes particles slightly
is considered to be not strongly affected by the size of ”C'Sl'arger?4

because a localized state is usually not strongly modified by The evidences that P and/or B are doped into substitu-
quantum size effect$~?*On the other hand, the conduction tional sites of nc-Si and are electrically active have been
band edge goes up with decreasing the size. As a result, tgtained from IR absorption spectroscdbyand electron
energy necessary to release an electron from the level b%pin resonancéESR) spectroscopss In IR absorption spec-
comes larger, making the thermalization of an electron ineftra, when P(B) was doped, broad absorption due to free-
ficient even at room temperature. The other de-excitatioarrier (or confined-carrigrabsorption, i.e., intraconduction
process, i.e., the Auger de-excitation shown in Fi@) lis  (yalence band transitions of electroriioles, was observed,
possible only when free or bound carriers exist in host maznd it became stronger with increasing impurity
terials. This process is thus expected to be prohibited if shalgncentratior?2 On the other hand, the absorption became
low impurities do not exist in nc-Si. In Er:nc-Si:SJBys-  yery weak if nearly the same amount of P and B was doped
tems studied so far, shallow impurities are not intentiona"ysimultaneously, meaning that carriers were compensated. In
doped, res_ulting in the a_lbsence of the de—excitation.procgsfg.SR spectra, a broad signal that can be assigned to free
However, if doped nc-Si are used as a photosensitizer, it igarriers was observed by P doping, and at low temperatures,
highly plausible that excited Ef has interaction with shal- hyperfine splitting of the signal due to the interaction of elec-
low impurities. A detailed study on the interaction providest,gn spin with the P nuclear spin was obser¢@dhe ob-
additional information on the mechanism of energy exchangggpyed hyperfine splitting was much larger than that of a P
and is crucial in fully understanding the differences and simijonor in bulk Si, being the direct evidence that P donor wave
larities between Er:bulk-Si and Er:nc-Si: SiGystems. The  fynction was squeezed by quantum-confinement effects.
study also' provides vital information on the interaction be-  Ajthough the existence of electrically active shallow im-
tween excited E¥* and photogenerated carriers in nc-Si. Thepyrities in nc-Si can be evidenced by IR absorption and ESR
knowledge on the interaction is indispensable to discusgy,gies, the number of active dopants or excess carriers in
whether or not multiple Ef can be excited by a single nano- each nanocrystal cannot simply be estimated even if the av-
crystal. ) . i erage P or B concentration in a whole film is known, because
In this work, we have studied the interaction between exxo|ubility of dopants is different between nc-Si and Siénd
cited EF* and shallow impurities in nc-Si by controlling P they may precipitate at interface regions. However, consid-
and/or B concentration in nc-Si systematically. We will dem-gring the small size of nanocrystals, the number of carriers
onstrate that PL properties of Erare strongly modified by should be very small even when impurity concentration is
shallow impurities in nc-Si and discuss the mechanism of the(,ery high, e.g., impurity concentration of110%° cm™3 cor-
interaction. responds to in average 3.2 impurities per a nanocrystal 4 nm
in diameter.
Il. EXPERIMENTAL PROCEDURE PL spectra were measured by usi_ng a single grating
monochromator and an InGaAs near-infrared diode array.
Films containing Er and shallow-impurity-doped nc-Si The spectral response of the detection system was calibrated
were prepared by a cosputtering metiéd? Si, EnOz,  with the aid of a reference spectrum of a standard tungsten
SiO,, borosilicate glas$BSG), and/or phosphosilicate glass lamp. For the time transient measurements, a 510 nm line of
(PSQG were simultaneously sputter-deposited in Ar gas on an optical parametric oscillatd©®PO pumped by the third
quartz or a Si substrate. The thickness of films was aboutarmonic of a Nd:YAG laser was used as an excitation
1 um. P(B) concentration in films was controlled by chang- source(pulse energy 0.5 mJ/&npulse width 5 nsec, and
ing the areal ratio of fOs (B,03) in sputtering targets. The repetition frequency 20 HzIn this wavelength, Bf is not
average concentration of,85 in a whole film was deter- directly excited. This means that only¥ihaving interaction
mined by an electron probe microanalysis, and that ##/8  with nc-Si can be excited by the energy transfer, and that not
by the intensity ratio of Si-O and B-O vibration signals in interacting with nc-Si is not excited. Emitted light was de-
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— 10 _mO ErrPSG 4 _ FIG. 3. PL spectra of Bf in Er:nc-Si: SiQ (solid curve and in
= E ﬁ\Q e E Er:nc-Si:PSG(P concentration of 1.23 mol %4dashed curve
2 a7
8 1 I T Er PL ] plotted as a function of P concentration. The PL intensity of
> 3 Y / E nc-Si (OJ) first increases slightly with increasing P concen-
@ Er:inc-Si:PSG", < O ] tration and then decreases monotonously. In the present Er
Q I ol =0 concentration, nc-Si not interacting with ¥rremain in a
s 0.1 3 i 3 film, and the PL arises mainly from these nc-Si, because
o F nc-Si ﬁ_'\[j ] strong interaction with Bf efficiently quenches the PL.
. . , . . i Therefore, the observed P concentration dependence can be
0.0 05 10 explained by the same model proposed for nc-Si in PSG

without EFP* doping (nc-Si:PSG.222% Low-concentration

doping results in inactivation of dangling-bond defects at

FIG. 2. (a) PL spectra of Er:nc-Si:PSG with different P concen- S_"S'?Z Interfacels, while heavy Cé(_)plnﬁ]_ rESUItS |n;he fom?a'

tration. A broadband centered at around 1.4 eV is due to recomblt-'on_ of excess € ectr_ons I nc-sl, which quenches exciton
minescence by an impurity Auger process.

nation of excitons in nc-Si, and a sharp one at 0.81 eV arises fror‘HJ ) . .

intra-4f shell transition of E¥*. (b) P concentration dependence of _ Below the P concentration of 0.79 mol %, the intensity of

PL peak intensities of B (O) and nc-Si(J)) in Er:nc-Si:PSG, and Er-PL shows similar behavior to that of nc-Si, while above

that of EF* in Er:PSG(A). 0.79 mol %, the intensity is slightly recovered. It should be
stressed here that the observed strong P concentration depen-

dence of the intensity below the P concentration of

. 0.79 mol % does not come from a modified local environ-
Hamamatsy and decay curves were recorded by a multi- + . . )
channel scaler. All measurements were carried out at romﬁ]ent of EF* by P doping. This can be proved by studying P

temperature. concentration dependence of PL from Er:P&&Gin Fig. 2).

As references, we studied PL properties of Er-doped pg(\,NithOUt nc-Si, the variation of the intensity by P doping is

ErPSO and Er-doped BSGErBSQ prepared by the same much smaller. Furthermore, below _th_e P concentration of
éroced?re as that Esed focrEEthe otrzepr sgmple§+.ylﬁrthese 0.79 mol %, spectral shape of Er-PL is independent of P con-

samples cannot be excited by 510 nm light. We, thereforeSentration. The observed strong quenching is thus due to the

employed 521 nm light to excite &rfor the samples not interaction between Ef anq P in nc-Si. 0 .
containing nc-Si. Above the P concentration of 0.79 mol %, P concentration

dependence of PL from Er deviates from that from nc-Si,
suggesting that the local environment of*Eis changed
Ill. RESULTS AND DISCUSSION from that of low P concentration samples. In fact, above
0.79 mol %, the spectral shape of*Eis modified signifi-
cantly as can be seen in Fig. 3. Although the effect of the
Figure 2a) shows PL spectra of nc-Si and Er doped PSGlocal environment of BY is interesting to study in detail, we
(Er:nc-Si:PSG with different P concentration. Peaks are ob-will restrict our attention to the P concentration range of
served at around 1.4 and 0.81 eV. The 1.4 eV peak is asmaller than 0.79 mol % because the purpose of this work is
signed to the recombination of excitons confined in nc-Sito study the interaction between*tand shallow impurities,
and the 0.81 eV one to the intrd-4hell transition of Ef*  and the change of the local environment makes the analysis
(Er-PL). In Fig. 2b), PL intensities of nc-Si and &r are  of data more complicated.

P concentration (mol%)

tected by a near-infrared photomultiplief5509-72,

A. P or B doping

115440-3
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FIG. 4. (a) PL spectra of Er:nc-Si:BSG samples with different B
concentration(b) B concentration dependence of PL peak intensi-

ties of EF* (O) and nc-Si([J) in Er:nc-Si:BSG, and that of Ef in
Er:BSG(A).

Figure 4a) shows PL spectra of nc-Si and *Erdoped
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nc-Si Er "
(a)

FIG. 5. Schematic representations of two possible mechanisms
for the quenching of PL from Ef: (a) Auger recombination of an
exciton within nc-Si with the interaction of an excess electron
bound to a P donor an@) Auger deexcitation of excited Erwith
the interaction of an electron in nc-Si.

process does not affect the lifetime of the PL. The other
mechanism of PL quenching is Auger de-excitation of ex-
cited EP* by giving energy to an excess carrier in ncHSig.
5(b)]. In this case, PL quenching is accompanied by the
shortening of the lifetime. Therefore, these two processes can
be distinguished by studying PL lifetime as a function of
P(B) concentration.

Figures ®a) and §b) show PL time transients of Etfor
Er:nc-Si:PSG and Er:nc-Si:BSG, respectively. WithoBP
doping, the decay curve is nearly a single-exponential func-
tion with the lifetime of about 3.8 msec. By (B) doping,
the lifetime becomes shorter, and the decay curve deviates
from a single-exponential function. The shortest lifetime ob-
served is about 48@psec for Er:nc-Si:PSG with the P con-

BSG (Er:nc-Si:BSG with various B concentration. In con-
trast to the case of P doping, the change of spectral shape of
Er-PL is not seen even at the highest B concentration. The
PL intensities of nc-Si and B are plotted in Fig. %) as a
function of B concentration together with that of *Erin
Er:BSG. We can see that the effect of B doping on the PL
properties of nc-Si and Bt are qualitatively the same as that
of P doping. This suggests that the mechanism of PL quench-
ing by doping is within the first approximation independent
of the polarity of doped carriers. In the following, we will
discuss the mechanism mainly for P doped samples. The
same discussion can be applied to B doped samples.

If excess carriers are supplied to nc-Si, then two quench-
ing paths become active. The first one is Auger interaction
within nc-Si; an exciton recombines nonradiatively by giving
kinetic energy to an excess carrigig. 5a)]. If the rate of
this process is comparable to or larger than that of energy
transfer to E¥*, then the energy transfer efficiency is sup-
pressed. Therefore, PL efficiency of 3Erinteracting with
doped nc-Si is smaller than that interacting with pure nc-Si.

With increasing impurity concentration, the number of doped FIG. 6. PL time transient of Ef for (a) Er:nc-Si:PSG andb)

Intensity (arb.units)

B I 5 NG AL RS R RALLE LR R RAALE AR R
- i (a) Er ne- Sl PSG
.*é' detected at 0.81eV{
3 P conc.
i 0 (mol%)
o O.1r
2>
‘»
c
Q
£

nc-Si increases, resulting in the quenching of Er-PL. ThisEr:nc-Si:BSG.

115440-4

Er:nc- Sl BSG
detected at 0.81eV ]

0 5 10 15
Time (msec)



INTERACTION BETWEEN Er IONS AND SHALLOW.. PHYSICAL REVIEW B 71, 115440(2005
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2 with nc-Si %)
1% | Ty c
g | == @ ] S
\q-; LN INDA N ] . 8
2 i\ <, Er:nc-Si:BSG K
IS L} >
5 N | @ Ernc-Si:BSG
C Er;nc-Si;PSG-i & ] g “B 1.16mol%
Se_.m o = R
0.0 0.2 0.4 06 08 1.0 1.2 1.4

"o
Photon Energy (eV)

P (B) concentration (mol%)

FIG. 7. PL lifetime of E?* as a function of EB) concentration
for Er:nc-Si:PSG(M), Er:nc-S:BSG(+), EnPSG(TJ), and Er:BSG FIG. 8. (a) PL spectra of Er:nc-Si:SiQ(solid curve, Er:nc-

©). Si:BSG (dotted curve, and Er:nc-Si:BPSGdashed curve B con-

centration of 0.79 mol %. In Fig. 7, the lifetime is plotted as c&"tration in Ernc-Si:BSG and Er:nc-Si:BPSG is the same.

a function of P(B) concentration together with the data ob-

tained for Er:PSG and Er:BSG. The lifetime of Er-PL for of Er-PL. However, the quenching cannot be fully explained
Er:PSG(J) and Er:BSG(O) does not depend strongly on P by the mechanism. In the case of P doping, the intensity of
and B concentrations. The observed shortening of lifetime irEr-PL is decreased by two orders of magnitude, while the
Er:nc-Si:PSGBSQC) is thus due to the interaction of excited lifetime is shortened by one order of magnitude. This differ-
Er** with shallow impurities in nc-Si. ence suggests that impurity Auger within nc{&ig. 5a)]

As discussed in the Introduction, the cross section of im-competes with energy transfer to*Erand is also responsible
purity Auger interaction in Er:bulk-Si is two orders of mag- for the quenching. As mentioned in the introduction, there
n|tude d|ﬁerent dependlng on Whether carriers are free Oare two energy transfer processeS, i.e_, fast and SIOW pro_
bound. In nc-Si, donors or accepters are considered to be ngbsses. Among them, the slow process, the time scale of
ionized even at room temperature because of the enhancgghich is usec range, is more strongly affected. In fact, the

ionization energy by quantum size effetts?* Therefore, gy rising part of Er-PL after pulsed excitation disappears
Er* interacts with bound carriers in nc-Si, and thus the situby P or Bgdcr))ping P P

ation is similar to Er:bulk-Si at low temperatures. Unfortu-
nately, theory of Auger de-excitation of impurities with
bound carriers does not lead to a simple final formula, and B. P and B doping
thus a phenomenological treatment has been applied to quan-
titatively analyze the phenomena in Er:bulk8In the treat-
ment, the effective Auger coefficie€,) is estimated from
the relati<r)3n, 1#=1/7y+CxN,, Where and 7y are the life-
time of EF* for the samples with and without impurity dop- ) - T i N
ing, andN, the excess carrier concentratitin the present an_d Er._r.1c-S|.BF_>SG. B concentratlog in Ernc-Si:BSG and
samplesN, cannot simply be estimated from average P or BEF:NC-SiBPSG is the sami.16 mol %). We can see that
concentration, because P or B are not expected to be urfiuenching of Er-PL by B doping is recovered by adding P to
formly distributed. However, rough estimation is possible.n€arly the same intensity as that of Er:nc-Si:Si0he re-

For example, for the Er:nc-Si:PSG sample with P concentracovery of the PL intensity is accompanied by the appearance
tion of 0.79 mol %, PL intensity of nc-Si is nearly com- of a broad peak below the bandgap of bulk Si. The low
pletely quenched. This suggests that almost all nc-Si have &nergy peak has been observed for B and P doped nc-Si
least one electrically active P atom. One P in a nanocrystavithout Er doping, and assigned to the optical transition be-
with 4 nm in diameter corresponds to the P concentration ofween impurity states formed in the band gap of nc-Si by B
3% 10" cm3. ThusN, should be larger than:810° cm™3.  and P doping*?’ The intensity of the impurity-related PL of
This estimation gives us the maximum possible valu€pf Er:nc-Si:BPSG is much larger than that of Er:nc-Si:BSG due
of 6.1x 1071 cm® s™%. This value is two orders of magnitude to the compensation of excess carriers in nc-Si.

PL properties of simultaneously P and B doped samples
(Er:nc-Si:BPSG give us additional information on the inter-
action between E¥ and shallow impurities. Figure 8 com-
pares the PL spectra of &rin Er:nc-Si: SiQ, Er:nc-Si:BSG

smaller than that reported for £rdoped bulk Si for bound The recovery of Er-PL by P doping can also be explained
carrierst® Similar value is obtained for Er:nc-Si:BSG by carrier compensation. By compensation, both Auger re-
samples. combination processes shown in Figga)5and 5b), i.e.,

It is now clear that the shortening of PL lifetime by the within nc-Si and between excited ¥rand carriers in nc-Si,
impurity Auger process is the cause of observed quenchinggspectively, are suppressed. The suppression of the second

115440-5



IMAKITA et al. PHYSICAL REVIEW B 71, 115440(2005

v T 10—
, a) Er:nc-Si:BPSG detected FEr:nc-Si:BPSG _—
3 o,
= B 1.16mol% at 0.819\/5 [B 1.16mol%
= P conc. 3 =
> 9 E 3
g (mol%) ; 10 ¢ _1£
S o1 g ]2
> =
= 7 i kS
) c 5
c &
2 = 1f,
£ o 2] 5 Q
001 F :‘A -‘A\\
: =R
OO 02 04 06 08 10 1.2 1.4
1 = P concentration (mol%)
'y ]
c P conc. 1 FIG. 10. The intensities of nc-§iA) and Er(O) PL, and the
:_' (mo|°/°) lifetime of Er PL () as a function of P concentration for Er:nc-
o) Si:BPSG. B concentration is fixed to 1.16 mol %.
301 0.57
> perfectly compensated in this concentration. This result con-
g: tradicts our previous results on PL from P and B codoped
o) nc-Si?’ In that case, PL from nc-Si was the strongest when B
= and P concentration in a whole film was nearly the same.
0.01F Two mechanisms are considered as the origin of the discrep-
]‘ | o ancy. The first one is that the distribution of B and P in a film

0 12 14 is modified by Er doping, i.e., suppression of B doping in

Tlme (msec) nc-Si or enhancement of P doping, resulting in carrier com-

pensation in nc-Si when P concentration in a whole film is

nearly the half of B concentration. The second possible
model is that doped Ef acts as a donor and thus smaller
amount of P is necessary for compensation. Donor behavior
of Er**is well known in Er:bulk-Si, and compensation of the
deexcitation process should manifest itself as recovering oflonor by B doping is demonstratétiAt present, we have no
the lifetime of PL. Figures @ and 9b) show the time tran- direct evidence to decide which mechanism is working.
sient of Er-PL in Er:nc-Si:BPSG. B concentration is fixed to

FIG. 9. PL time transient of Ef in Er:nc-Si:BPSG. B concen-
tration is fixed to 1.16 mol %, and P concentration is chan@ed
from 0 to 0.57 mol % andb) from 0.57 to 1.22 mol %.

1.16 mol%, and P concentration is changed from IV. CONCLUSION
0 to 1.22 mol % [from 0 to 0.57 mol % in Fig. &), and '
from 0.57 to 1.22 mol % in Fig. ®)]. The lifetime esti- We have studied the interaction between shallow impuri-

mated from Fig. 9 is plotted in Fig. 10 as a function of Pties in nc-Si and E¥. It was shown that shallow-impurity
concentration together with the PL intensities of nc-Si anddoping drastically decreases the efficiency of Er-PL. Two
Er3*. In Figs. 9a) and 10, we can see that the lifetime of different Auger processes are responsible for quenching. Au-
Er-PL, which is shortened by B doping, is drastically recov-ger recombination of photoexcited excitons with the interac-
ered by adding P. The longest lifetime observed is aboution of electrons or holes supplied by impurity doping com-
3 ms. This value is very close to that of Er:nc-Si:$iO petes with energy transfer to ¥rand degrades energy
(3.8 mg, meaning that carriers in nc-Si are almost perfectlytransfer efficiency. Even if excitation of £rby the energy
compensated and Auger de-excitation does not work. In factransfer is successfully completed, radiative relaxation of
the PL intensities of both nc-Si and®mre the maximum at Er?* has to compete with Auger de-excitation with the inter-
this P concentration. action of electrons or holes in nc-Si, resulting in shortening
After passing through the longest lifetime point, further of lifetime and degradation of the quantum efficiency. These
increase of P concentration results in shortening of lifetimegffects are very similar to that observed for Er:bulk-Si, thus
which is accompanied by the quenching of PL from nc-Sisupporting our previous conclusion that the mechanism of
and EF* [Figs. 9b) and 1Q. Formation of excess electrons the interaction between nc-Si and®Eis qualitatively the
by further P doping realizes the same situation as that o$ame as that of Er:bulk-$t.However, there are some quan-
Er:nc-Si:PSG. titative differences. The estimated Auger coefficient is found
In Fig. 10, the longest PL lifetime is obtained when B andto be two orders of magnitude smaller than that of Er:bulk-Si
P concentration in a whole film is 1.16 mol% and at low temperatures, where carriers are bound to donor
0.57 mol %, respectively, indicating that carriers in nc-Si areor acceptor ions, and four orders of magnitude smaller than
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that at room temperature. This small Auger coefficientby the energy transfer from the nanocrystal. The Auger
makes nc-Si immune from the impurity Auger de-excitationinteraction of the excited Ef with the photogenerated car-
process compared to Er:bulk-Si and is considered to be orger may quench Er-PL, if the rate of this process is compa-
of the origins of temperature independent efficient PL ofrable to or larger than that of the energy transfer rate. If this
Er:nc-Si:SiQ systems. process really works, then excitation of multiple®Eby a

We also studied the effects of carrier compensation on Plsingle nanocrystal becomes very inefficient and one nano-
from Er* and demonstrated that perfectly compensatedrystal can excite only one Erduring the lifetime of excited
nc-Si does not degrade PL from¥ralthough PL properties Er*. This conclusion is consistent with the result obtained
of nc-Si themselves are strongly modified. The recovery oby Kik et al®
luminescence properties by compensation is another evi-
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