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Exciton–erbium coupling and the excitation dynamics
of Er 3¿ in erbium-doped silicon-rich silicon oxide

Se-Young Seoa) and Jung H. Shin
Department of Physics, Korea Advanced Institute of Science and Technology (KAIST), 373-1 Kusung-dong,
Yusung-gu, Taejon, Korea

~Received 3 January 2001; accepted for publication 13 March 2001!

The exciton–erbium coupling and the excitation dynamics of Er31 in erbium-doped silicon-rich
silicon oxide are investigated using time-resolved measurements of Er31 luminescence. The
dependence of the Er31 luminescence on the pump power and duration indicates that the exciton–
erbium coupling is dominant over carrier–exciton coupling. The results further support the idea that
the luminescent Er31 ions are not in the Si nanoclusters but in the interface region surrounding the
nanoclusters. ©2001 American Institute of Physics.@DOI: 10.1063/1.1369150#
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Since the report by Ennen,1 Er-doped silicon has bee
investigated by many researchers with the hope of deve
ing it as the enabling material for realization of silicon-bas
optoelectronics. Much of the initial research was focused
Er doping of bulk Si. However, despite some success,
luminescence efficiencies, especially at high-temperature
excitation powers, have remained too low to be practical

Recently, however, it was shown by several research
that by using silicon-rich silicon oxide~SRSO!, which con-
sists of Si nanoclusters embedded in a SiO2 matrix, strong
and efficient Er31 luminescence at room temperature can
obtained.2–5 While the exact details are not yet clear, an e
citation mechanism similar to that of Er in bulk Si is ofte
used for Er in SRSO. As shown schematically in Fig.
incoming photons generate carriers in the nanoclusters w
then form an exciton@indicated by the arrow labeled~a!#. As
the carriers recombine, they Auger excite the Er31 ions @in-
dicated by the arrow labeled~c!#. Despite the intermediate
steps, this carrier-mediated excitation mechanism can
very efficient, with internal quantum efficiencies greater th
10%.5,6 Furthermore, because the optical capture cross
tion of Si nanoclusters are much larger than that of the E31

levels, the effective excitation cross section of Er in SR
can be up to 106 times greater than that of Er in SiO2, where
only direct optical absorption is possible.5 Finally, because
the incoming photons only have to generate carriers, a l
cost broadband light source can be used instead of a la
potentially paving the way for developing low-cost, silico
based optical devices such as waveguide amplifiers.

However, such a direct transfer of the model from bu
Si to SRSO presents several difficulties because SRSO
like bulk Si, is a heterogeneous mixture of nanoclusters
SiO2 with carriers that are confined within the nanocluste
Thus, it may be expected that many different carrier–exci
and exciton–erbium couplings are possible, and that the o
dominant in SRSO may be different from those in bulk
As coupling with excitons is a crucial step in determini
Er31 luminescence, more understanding of this mechanis
needed for further improvements in the Er31 luminescence
and developments of possible devices.

a!Electronic mail: kingstar@bomun.kaist.ac.kr
2700003-6951/2001/78(18)/2709/3/$18.00
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In this letter, we investigate the carrier–exciton a
exciton–erbium coupling by measuring the time-resolv
Er31 luminescence. We find that exciton–erbium coupling
dominant over carrier–exciton coupling. The results are c
sistent with the suggestion that luminescent Er ions are
inside the Si nanoclusters, but in the SiO2 matrix near the
nanoclusters.

Er-doped SRSO thin films were deposited on ap-type
@100# wafer by the electron-cyclotron-resonance plasm
enhanced vapor-deposition method with concurrent spu
ing of the Er target and a subsequent rapid thermal annea
5 min at 950 °C. This recipe was shown to result in optimu
Er31 luminescence.7 The Si content (CSi) of films was 41 or
35 at. %, and the erbium content and film thickness w
;0.1 at. % and;1 mm, respectively. All measurement
were done at room temperature using the 488 nm line o
Ar-ion laser, 1/4 m monochromator, and employing t
lock-in technique. Infrared and visible photoluminescen
~PL! spectra were detected with InGaAs and Si photode
tor, respectively, and all spectra were corrected for the s
tem response. Time-resolved Er31 PL traces were measure
using a digitizing oscilloscope.

Figure 2 shows the visible and infrared PL spectra of
Er-doped SRSO films. For the PL measurements, hydro
nation was performed at 700 °C for 1 h in forming gas~90%
N2 and 10% H2! to reduce the PL from defects. Broad lum
nescence from 0.6 to 1.1mm, typical of Si nanoclusters, an

FIG. 1. Excitation process of Er31 ions in Er-doped SRSO by mediate
carriers. ~a! Free carriers are trapped Er-related defects and~b! these
electron–hole pairs can be deexcited by Auger excitation of free carrier
~c! can excite Er31 ions.
9 © 2001 American Institute of Physics
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sharp peaks due to the4I 11/2→4I 15/2 and 4I 13/2→4I 15/2

intra-4f transition of Er31 can be observed. Based on th
published results relating the cluster PL peak position w
cluster size,8 the average diameters of the Si clusters
estimated to be;3 and;5 nm for samples withCSi of 35
at. % andCSi of 41 at. %, respectively, implying a nanoclu
ter density of;331018cm23 for both films. Note that the
1.54mm Er31 luminescence is stronger than the nanoclus
luminescence by two orders of magnitude, implying a ve
efficient energy transfer from the Si nanoclusters to E31

ions.
To investigate the excitation dynamics, we monitor

the Er31 PL intensity as a function of time as the pump bea
is turned on and quickly turned off. The total width of th
pump pulse,Dt, and the pump powerp were varied, but the
total pump energy (E5pDt) was maintained at 50mJ. From
the time-resolved measurements, we have deduced the v
I (Dt), the Er31 PL intensity at the end of the excitatio
pulse, andU(Dt), the total luminescent energy measur
during the excitation pulse.

To analyze the data, we can set up a rate equation fo
density of excitons and the number of excited Er31 ions as

dNx

dt
5an22cnNx2

Nx

tex
, ~1!

and

dNEr*

dt
5

Nx

tex
2NEr* W, ~2!

respectively. In Eqs.~1! and ~2!, Nx , n, and NEr are the
number of excitons, the number of free carriers, and the t
number of excitable Er31 ions, respectively, anda, tex, W,
andc are exciton generating coefficient by free carriers,
citation lifetime from exciton to Er31 ions, decay rate of
excited Er31 ions, and Auger excitation rate of free carrie
by excitons, respectively. This rate equation is a simplifi
form of that suggested by Palmet al.9 In simplifying, we
assumed that only a small fraction of Er31 ions are excited.
This assumption was confirmed by observing that the E31

FIG. 2. Photoluminescence spectra from hydrogenated Er-doped S
films at room temperature. Broad 0.6–1.1mm, sharp 0.98, and 1.54mm
luminescence bands are contributed to exciton recombination of Si nano
tal, Er31 4f transition, and Er31 4f transition, respectively.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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PL intensity did not deviate appreciably from the linear d
pendence upon pump power up to the highest pump po
used, which was 100 mW. Based on published theoret
and experimental results,5,8 we also assumed that the excito
generation rate from free carriers is very fast, such that
exciton population saturates very quickly. Finally, we a
sume that, as is the case in bulk Si,9,10 that the free carriers
are generated bimolecularly asn25bp, wheren, b, andp
are the number of free carriers, the coefficient of free-car
generation, and pump power, respectively.

Note that we include the possibility of carrier-mediat
removal of excitons@indicated by the arrow labeled~b! in
Fig. 1#. It is also possible for carriers to deexcite excit
Er31. This effect will be discussed later.

From the above equations, we find

I ~Dt !5NEr* ~Dt !Wsp5
NxWsp

texW
~12e2WDt!, ~3!

and

U~Dt !5E Idt5
NxWsp

texW
H Dt2

1

W
~12e2WDt!J , ~4!

whereWsp is the spontaneous radiative lifetime of Er31. As
Eqs.~3! and ~4! show, I (Dt) andU(Dt) are mainly depen-
dent on Nx . As Nx is assumed to reach saturation ve
quickly, Nx can be easily estimated from Eq.~1! to be
an2/(cn11/tex). Now, if the exciton–erbium coupling is
much stronger than carrier–exciton coupling, then

Nx~Dt !5
abEtex

Dt
. ~5!

If, on the other hand, the carrier–exciton coupling is mu
stronger than the exciton–erbium coupling, then

Nx~Dt !5
a

c
AbE

Dt
. ~6!

Figure 3 shows the experimental and simulated results
I (Dt) and U(Dt). The symbols are the experimental da
and the lines are the simulated results of fitting using Eqs.~3!
and ~4!. The inset shows an actual Er31 luminescence trace
and the quantity being measured. The results of fitting forNx

using Eq. ~5! are shown by solid lines. The values o
abEWsp used for the fit are 0.2 and 0.05 for the film withCSi

of 41 and 35 at. %, respectively. The dotted lines are
results of the fit using Eq. ~6!. The values of
(aWspAbE)/ctex used for the fit are 5 and 1 for the film wit
CSi of 41 and 35 at. %, respectively. In fitting the data, t
possibility of free-carrier-mediated deexcitation of excit
Er31 was included explicitly by measuringW during excita-
tion using a two-beam setup6 and using that in fitting the
data.

As shown in Fig. 3, an excellent fit toboth sets of data
using asingle fitting parameter is obtained by assuming
strong exciton–Er coupling but a weak carrier–exciton co
pling. On the other hand, the fit assuming a strong carri
exciton coupling and weak exciton–erbium coupling is ve
poor, and even gives a completely different functional fo
for I (Dt). Taken together, Fig. 3 indicates that in SRS
exciton–erbium coupling dominates over carrier–excit
coupling.
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The results presented are consistent with, and may
explained by, the recent suggestions that the dominant lu
nescent sites of Er31 in SRSO are in interfacial region of th
SiO2 matrix rather than in the Si nanocluste
themselves.11,12 In such a case, as excitons localized near
Er31 ions have the highest excitation efficiency,10,13 the ex-
citons that excite Er in SRSO are likely to be those that
trapped in the interfacial region or have tunneled into
SiO2 matrix to an Er-related site in SiO2. Then, because bot
Er31 ions and the excitons that excite them are physica
separated from the carriers that are confined within the na
clusters, they would indeed be coupled only weakly with
carriers in the Si nanoclusters, resulting in suppression
carrier-mediated deexcitation mechanisms and in increa
luminescence efficiency of Er31 luminescence. Indeed, w
have shown recently that in a similar system of Er-dop
Si/SiO2 superlattices, the best Er31 luminescence propertie
are obtained if Er is in the SiO2 layers, and if the carriers ar
made to tunnel from the Si layers to the Er31 ions.14

Moreover, using the values obtained from Fig. 3 and
published values for the optical absorption cross section
nanoclusters,15 it is possible to find the value ofa if Wsp is
known. If we take the value ofW at 25 K to beWsp, then we
find thata is the same within;15% for the samples. This i

FIG. 3. Excitation duration (Dt) dependence of~a! Er31 PL intensities and
~b! the radiative energy of Er31 PL at t5Dt, respectively. Symbols, solid
lines, and dotted lines are results of experiment, simulated with Eq.~5!, and
simulated with Eq.~6!, respectively. The inset shows a real-time trace
Er31 luminescence and the quantity being measured.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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in contrast to the exciton luminescence from Si nanoclust
whose properties are known to be sensitively depend
upon the nanocluster size,8 but it is consistent with the abov
explanation that excitons that excite Er31 ions are distinct
from carriers inside nanoclusters~e.g., carriers that contrib
ute to nanocluster luminescence!.

These findings have important implications for rece
efforts to directly self-assemble Si nanoclusters doped w
Er. Our results indicate that rather than placing Er atomsinto
nanoclusters, Er atoms should be placed on the surface o
nanoclusters, or in the oxide shell surrounding the nanoc
ters. Note also that Er is known to be a donor in Si.16 Having
a donor atom inside a nm-sized cluster would represen
very high doping concentration, a condition known to lead
severe quenching of Er31 luminescence.10 Furthermore,
since we need to place as many Er ions as possible on
surface region of the Si nanoclusters, having a large surfa
to-volume ratio would be preferable. In other words, giv
the same total Si content, having many very small Si na
clusters would be better than having a smaller number
larger Si nanoclusters.

In conclusion, we have investigated exciton-media
excitation dynamics of Er31 in Er-doped SRSO. Exciton–
erbium coupling was found to be dominant over carrie
exciton coupling. The results are consistent with, and sup
the interpretation that most of the Er are located in the ox
shell surrounding the Si nanoclusters.

The authors thank Yohan Sun for help with hydrogen
tion. This work was supported in part by the Advanced Ph
tonics Project and the University Research Program s
ported by the Ministry of Information and Communication
in South Korea.
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