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Controlling Er–Tm interaction in Er and Tm codoped silicon-rich silicon
oxide using nanometer-scale spatial separation for efficient,
broadband infrared luminescence

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

(Received 23 July 2004; accepted 13 September 2004)

The effect of nanometer-scale spatial separation between Er3+ and Tm3+ ions in Er and Tm codoped
silicon-rich silicon oxide(SRSO) films is investigated. Er and Tm codoped SRSO films, which
consist of nanocluster Sisnc-Sid embedded inside SiO2 matrix, were fabricated with electron
cyclotron resonance-plasma enhanced chemical vapor deposition of SiH4 and O2 with concurrent
sputtering of Er and Tm metal targets. Spatial separation between Er3+ and Tm3+ ions was achieved
by depositing alternating layers of Er- and Tm-doped layers of varying thickness while keeping the
total film thickness the same. The films display broadband infrared photoluminescence(PL) from
1.5 to 2.0mm under a single source excitation due to simultaneous excitation of Er3+ and Tm3+ ions
by nc-Si. Increasing the layer thickness from 0 to 72 nm increases the Er3+ PL intensity nearly
50-fold while the Tm3+ PL intensity is unaffected. The data are well-explained by a model assuming
a dipole–dipole interaction between excited Er3+ and Tm3+ ions, and suggest that by nanoscale
engineering, efficient, ultrabroadband infrared luminescence can be obtained in an optically
homogeneous material using a single light source. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1812578]

Rare-earth(RE) doping of nanocluster Sisnc-Sid has at-
tracted a great attention as a promising way to create a ma-
terial base for silicon-compatible photonics.1 A particular ad-
vantage RE-doped nc-Si is that the excitation of RE ions
occurs predominantly through an Auger-type interaction be-
tween carriers in nc-Si and the RE ions.2–5 This leads to
strong enhancement of the effective excitation cross section
of RE ions, since the absorption cross section of nc-Si is
orders of magnitude larger than that of RE ions.6–8 Further-
more, since only photocarrier generation is necessary for RE
excitation, a low-cost light source such as a light emitting
diode can be used to achieve optical gain instead of an ex-
pensive laser tuned to the specific absorption band of and RE
ion.9

An important consequence of such nonresonant excita-
tion process is the ability to excite multiple RE ions with a
single pump source. Recently, we have demonstrated that by
using Er and Tm codoped silicon-rich silicon oxide(SRSO),
which consists of nanocluster Sisnc-Sid embedded inside
SiO2 matrix, broadband infrared luminescence from 1.5 to
2.0 mm due to superposition of Er3+ 4I13/2→4I15/2 and Tm3+

4F4→4H6 4f transitions can be obtained using only a single
pump source instead of several lasers tuned to absorption
bands of each RE ions.10 As the luminescence range covers
nearly the entire low-loss window of silica optical fibers, this
result suggests that compact, low-cost, ultrawideband optical
amplifiers that can overcome the bandwidth limitation of
conventional optical amplifiers may be obtained using such
Er–Tm codoped SRSO.

Unfortunately, such codoping was found to result in a
strong reduction of the Er3+ luminescence efficiency due to
resonant energy transfer from the Er3+:4I13/2 state to the

Tm3+:3H4 state.10 Such energy transfer is highly unfavorable
to photonic applications, yet is difficult to remove in a ho-
mogeneous mixture of Er and Tm due to the resonant nature
of the interaction. In this letter, we report on controlling the
Er-Tm interaction via nanometer(nm)-scale spatial separa-
tion. We find that by separating Er3+ and Tm3+ ions into
nm-thin layers, it is possible to reduce the interaction
strength and increase the Er3+ photoluminescence(PL) inten-
sity nearly 50-fold. The data are well-explained by a model
assuming a dipole–dipole interaction between excited Er3+

and Tm3+ ions, and suggest that by such nanoscale engineer-
ing, efficient, ultrabroadband infrared luminescence can be
obtained in an optically homogeneous material using a single
light source.

SRSO films with 35 at.% Si were deposited on Sis100d
wafer using electron cyclotron resonance plasma-enhanced
chemical vapor deposition of SiH4 and O2. During deposi-
tion, Er and Tm metal targets were sputtered in an alternating
sequence, thereby creating alternating layers of Er- and
Tm-doped SRSO. The total film thickness was kept at
720 nm, while the individual layer thickness,d, was varied
from 2 to 72 nm. Postdeposition rapid thermal anneal of
5 min at 950 °C in an Ar atmosphere was used to precipitate
nc-Si and activate RE ions. Rutherford backscattering spec-
troscopy and secondary ion mass spectroscopy indicated that
Er and Tm ions were doped uniformly in each layers, and
well isolated from each other at concentrations of 0.12 and
0.2 at. % for Er and Tm, respectively(data not shown). A
schematic description of the film structure is given in Fig. 1.
For a comparison, a SRSO film codoped homogeneously
with Er and Tm and another doped with Er only were also
prepared with the same Si and RE content. The 488 nm line
of an Ar ion laser with a nominal power of 600 mW was
used for optical excitation source. We note that even though
the 488 nm pump light can be absorbed resonantly by Er3+,a)Electronic mail: seyoungseo@kaist.ac.kr
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excitation of Er3+ is still dominated by nc-Si. PL spectra
were measured at room temperature using either a standard
or a long wavelength enhanced InGaAs PIN photodiode, a
grating monochromator, and the standard lock-in technique.
All spectra are corrected for the system response. Time re-
solved PL decay traces were recorded using a mechanical
chopper and a digitizing oscilloscope. The system response
was 180ms.

Figure 2 shows the PL spectra of SRSO films with alter-
nating Er- and Tm-doped layers. Also shown is for compari-
son is the PL spectrum from the film codoped homoge-
neously with Er and Tm. We observe a broad luminescence
peak from 1.5 to 2.0mm due to superposition of4I13/2
→4I15/2 Er3+ peak at 1.54mm and4F4→4H6 Tm3+ peak at
1.78mm. However, the Er3+ peak from the homogeneously
doped film is extremely small compared to that of Tm3+.
Separating Er and Tm into 2 nm thin layers results in more
than tenfold increase in the Er3+ PL intensity. Further in-
creasing the layer thickness to 72 nm results in additional
fourfold increase in the Er3+ PL intensity such that it is about
50 times greater than that from the homogeneously doped
film. However, the Tm3+ PL intensity is completely unaf-
fected in all cases. The dependence of Er3+ and Tm3+ PL
intensity on the layer thickness is summarized in the inset.

Figure 3 shows time resolved PL decay traces atl
=1.54mm. For comparison, the decay trace of a SRSO film

doped with Er only is also shown. The Er-only film shows a
single-exponential decay with a luminescence lifetime of
,5.1 m. On the other hand, Er and Tm codoped films show
nonexponential decay with a fast initial decay followed by a
slow tail. Asd increases, the fast initial decay is reduced, and
the PL decay trace approaches that of the Er-only film. It
should be noted, however, that the observed PL decay trace
at 1.54mm contains the contribution from the Tm3+ lumines-
cence as well. Thus, we deconvoluted the effective 1.54mm
Er3+ PL lifetimes as follows. First, the Tm3+ PL decay at
1.78mm was measured, and confirmed to show a single ex-
ponential decay behavior with a decay time of,400 ms
from all films, in agreement with previous results(data not
shown).10 Second, the PL decay trace at 1.54mm was inte-
grated to obtain an effective luminescence lifetime. Finally,
the Tm3+ effective lifetime, scaled by the relative Tm3+ PL
intensity at 1.54mm, was subtracted to obtain the effective
Er3+ luminescence lifetime. We find that the effective Er3+

luminescence lifetime increases from 1.8 to 4.9 m asd is
increased from 2 to 72 nm, as is shown in the inset.

The results of Figs. 2 and 3 are in agreement with our
previous report that excited Er3+ and Tm3+ ions interact via a
cooperative-upconversion process in which an excited Er3+

atom decays nonradiatively by resonantly exciting an excited
Tm3+ ion from the3F4 to the 3H4 state. The increase in the
Er3+ with increasing layer thickness therefore indicates that
the Tm3+-induced quenching of Er3+ luminescence can be
suppressed by spatial separation between Er3+ and Tm3+,
consistent with previous reports that such interaction be-
tween RE ions can be described by resonant dipole–dipole
transition.11,12

Therefore, we model the energy transfer ratea between
Er3+ ions at depth ofx and Tm3+ ions at depth ofy as a
=k/ sx−yd6, where k is a proportionality factor[see Fig.
4(a)]. Experimentally, however, we can only observe the av-
erage interaction. Since the RE ions are confined within their
respective layers, we calculate average Er–Tm energy trans-
fer rate,aave, as a function ofd by integrating for each layers
and then summing over all doped layers as

aavesdd = k

ol=1
m on=1

m e2sl−1dd+e
s2l−1dd−e es2n−1dd+e

2nd−e 1

sx − yd6dxdy

ol=1
m on=1

m e2sl−1dd+e
s2l−1dd−e es2n−1dd+e

2nd−e dxdy
,

s1d

wherel andn is layer index for Er and Tm doped layer, and
m is total number of each RE doped layerfm=dTot/ s2ddg. In

FIG. 1. Schematic description of structure of Er–Tm alternatively doped
SRSO film.

FIG. 2. Infrared PL spectra of Er–Tm alternatively doped SRSO film. The
inset shows deconvoluted Er3+ and Tm3+ PL intensity. Dotted lines are a
guide for the eyes.

FIG. 3. 1.54mm PL decay traces for alternatively doped film and Tm free
SRSO: Er film. The deconvoluted 1.54 Er3+ PL lifetimes as function ofd are
summarized in the inset.
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order to avoid divergence of integral atx=y, we need to
assume a lower limit of integration, 2e, representing the
minimum distance between RE ions. The value of 0.1 nm for
e was found to lead to best results, and was used. It was
confirmed, however, that the value ofe did not significantly
affect the result as long ase!d.

Equation (1) was then solved analytically with a help
from a computation program, and used to simulate thed
dependence of the Er3+ PL intensity and luminescence life-
time. Previously,10 we have shown that given an Er-Tm en-
ergy transfer ratea, the Er3+ PL intensity can be written as

IErsdd = bN0
g

g + 1/tEr
* + a

WR, s2d

whereb, N0, g, tEr
* , andWR are a proportional factor, the total

number of optically active Er3+ ions, Er3+ excitation rate,
Er3+ PL lifetime without coupling with Tm3+, and radiative
Er3+ decay rate, respectively, while the effective 1.54mm
Er3+ PL decay lifetime can be written as

tErsdd =E
0

`

expH−
t

tEr
* + atTmF1 − expS−

t

tTm
DGJdt.

s3d

In the present case,a must be replaced byaavesdd, evaluated
using Eq.(1). For numerical simulation,g was evaluated by
subtracting the Er3+ PL decay rate from the Er3+ PL decay
rate, and found to be 100 s−1 (data now shown). For tEr

* and
tTm, the values of 5.1 ms and 400ms obtained from Fig. 3
were used. Thus, the only adjustable fitting parameters for
both Eqs.(2) and (3) werek andbN0.

The result of fitting Eqs.(2) and (3) to the measuredd
dependence of Er3+ PL intensity and lifetimes are shown in
Figs. 4(b) and 4(c), respectively. The symbols are experi-
mental data, and the solid line is the result of the fit. The

value of k used for fit was 0.26 nm6 s−1. The resulting cal-
culated values ofaavesdd used in the fits are given in the inset
of Fig. 4(c). We obtain good fits to both sets of data using a
single set of values fork andbN0, indicating the validity of
the resonant dipole–dipole interaction model between Er3+

and Tm3+, and confirming that by separating the Er3+ and
Tm3+ ions in nm-thin layers, the energy transfer ratea can be
reduced from,53103 to 70 s−1 to increase the Er3+ PL
efficiency. We note that the value of,53103 for a is com-
parable to the value of,23103 we reported previously for
Er–Tm coimplanted film, demonstrating the universality of
the model. The higher value obtained in the present study is
also consistent with the higher Tm3+ concentration used in
the present study.

Clearly, the Er3+–Tm3+ interaction will decrease further
with further increase in the layer thickness, up to the limit of
a single Er3+- and Tm3+-doped layer. Such a macroscopically
inhomogeneous film, however, may be inappropriate for op-
tical amplifier applications as it can lead to different mode
profiles for Er3+ and Tm3+ bands, as well as require compli-
cated pumping schemes to maintain pump uniformity across
the amplification band. On the other hand, we note that at a
layer thickness of 72 nm the Er3+ PL intensity reaches 81%
of the maximum value possible without any interaction with
Tm3+. Similarly, the value oftEr for the film with d of 72 nm
s4.9 msd is very close to the value for Tm free Er-doped
SRSO film s5.1 msd, indicating near complete recovery of
the Er3+ luminescence efficiency. Yet since 72 nm is still less
than one-tenth of the signal wavelength, the entire film may
still be described as being optically homogeneous.

In conclusion, we have investigated controlling the
Er3+–Tm3+ interaction in Er3+ and Tm3+ codoped silicon-
rich silicon oxide via nm-scale spatial separation. We find
that by separating Er3+ and Tm3+ into nm-thin layers, we can
nearly completely suppress Er3+–Tm3+ interaction while still
maintaining optical homogeneity, thereby obtaining efficient
rare earth luminescence across the entire 1.5–2.0mm wave-
length range. The data are well-explained by a model assum-
ing a dipole–dipole interaction between excited Er3+ and
Tm3+ ions, and suggest the possibility of developing com-
pact, ultrawideband optical amplifier employing a single
pump source.

This work was supported in part by NRL Project from
MOST.
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experimental data(open circles) and simulated results(solid lines) of doping
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PL lifetimes. The inset of(c) is the predicted values ofaave.
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