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Er3+ ions located 100 nm beneath the surface of silica glass show an enhanced photoluminescence
decay rate when the glass is covered with Ag. Correcting for concentration quenching effects, the
decay rate is enhanced by 70%, compared to the case without Ag. The data are in agreement with
a model that takes into account variations in local density of states and excitation of surface
plasmons and lossy surface waves, resulting in direct evidence for the efficient generation of surface
plasmons by excited Er3+ ions. Using the model, optimum conditions for coupling to surface
plasmons are derived, which can be used to enhance the emission rate and quantum efficiency of a
wide range of Er-doped materials. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1856133g

Trivalent erbium ions, with their characteristic4I13/2
→4I15/2 intra-4f transition at 1.53mm, play a key role in a
wide variety of optical and optoelectronic devices. They pro-
vide the gain medium in optical telecommunication amplifi-
ers and lasers, and provide a source of electroluminescence
in a range of Si-based optoelectronic devices. However, due
to the parity forbidden character of the intra-4f transition, the
radiative emission rate of Er3+ is very low, typically in the
range 100–1000 s−1. Consequently, the output power and
modulation speed of Er-doped light-emitting diodes or lasers
is limited. Moreover, the low radiative rate makes the Er
emission sensitive to nonradiative decay processes, such as
Auger recombination1 and energy backtransfer in Si,2 or up-
conversion and concentration quenching in silica glass.3 Sev-
eral key limitations in Er-based photonic materials technol-
ogy could be resolved if the radiative emission rate of Er
could be artificially enhanced. We propose to enhance the Er
radiative decay rate by coupling to surface plasmonssSPsd.
Surface plasmons are propagating electromagnetic waves lo-
calized at the interface between a metal and a dielectric,
coupled to surface charge oscillations.4 An electric dipole,
positioned close to such an interface, can decay by the exci-
tation of a SP. As was recently demonstrated for Er and Eu
ions, the propagating SP can be coupled out into the far field
using a grating that relaxes the momentum mismatch be-
tween SP and photon.5,6 This process thus contributes to the
far-field emission of the emitter, effectively increasing its
radiative emission rate.

In this letter, we focus on the details of the coupling of
an excited Er ion to a metal. We experimentally demonstrate
that the photoluminescence decay rate of Er ions in silica
glass is enhanced near a Ag interface. The increase of the
decay ratescorrected for concentration quenching effectsd is
consistent with a model that describes the combined effect of
variations in local density of states and excitation of SPs and
lossy surface waves. The model is then used to predict opti-
mum conditions for radiative rate and quantum efficiency
sQEd enhancements for infrared emission of Er.

The surface region of sodalime-silicate glass samples
was doped with Er by 500 keV Er+ ion implantation. Ion

fluences ranged froms1 to 6d31015 Er/cm2, resulting in
peak concentrations ranging from 0.12 to 0.71 at. %. To
avoid charging during the ion implantation the samples were
covered with a 40-nm-thick Al layer, which was removed
after ion implantation with a KOH etch. The samples were
annealed in vacuum for 1 h at 512 °C, a procedure known to
remove all implantation related defects.3 The Er depth profile
as measured by Rutherford backscattering spectrometry is
described by a Gaussian distribution that is centered at
103 nm with a straggle ofs=43 nm. Finally, one section of
each sample was covered with an optically thicks225 nmd
Ag film using sputter deposition. The dielectric constant of
the Ag film, measured atl=1538 nm using ellipsometry,
was«Ag=−41.8+i4.6.

PhotoluminescencesPLd measurements were performed
at room temperature on either Ag or air covered sections of
the Er-implanted samples. An argon-ion laser operating at
488 nm was used to excite the Er3+ ions into the4F7/2 mani-
fold. The laser intensity, modulated at 6 Hz with an acousto-
optical modulator, was incident though the transparent back
side of the sample. PL was collected from the back using an
f =10 cm lens and dispersed using a 480 mm focal-length
monochromator, set to a resolution of 6 nm. The collected
and dispersed PL intensity was recorded by a liquid-nitrogen
cooled Ge diode with a response time of 30ms. PL decay
traces were taken using a digitizing oscilloscope, integrating
a large number or decays.

The inset of Fig. 1 shows a PL spectrum for Er-
implanted sodalime-silicate glass covered with Ag. An iden-
tical spectrum is observed for the section of the sample with-
out Ag, indicating that the presence of the metal does not
affect the crystal field around the Er3+ ions and the atomic
dipole transition matrix element is identical for the two
cases. Two PL decay traces are shown, taken at the Er peak
emission wavelength of 1538 nm, for the sample implanted
with 131015 Er/cm2, for the air- and Ag-covered sections of
the sample. The decays are single-exponential, and the PL
decay rate for the Ag-covered sections131 s−1d is enhanced
compared to the PL decay rate for the air-covered section
s87 s−1d.

Figure 2 shows the PL decay rates measured at 1538 nm
for the Ag- and air-covered sections of samples with differentadElectronic mail: j.kalkman@amolf.nl
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Er content. The PL decay rate increases with increasing Er
concentration, a well-known effect that is attributed to con-
centration quenchingsa process due to Förster energy trans-
fer between Er ions, followed by quenchingd.3 Our previous
work has shown that the main quencher in these glasses are
OH impurities,3 whose first stretch-vibration overtone is
resonant with the 1.5mm transition of Er3+. If the concen-
tration of quenchers is much smaller than the concentration
of Er3+ ions, as is the case for our samples, the PL decay rate
is described by8,9

WPL = Wint + 4pCEr–ErNQNEr, s1d

with Wint the Er3+ intrinsic decay rate in absence of concen-
tration quenching,CEr–Er an Er–Er interaction constant,NQ
the concentration of quenchers, andNEr the Er3+ concentra-
tion. Fitting Eq.s1d to the two data sets in Fig. 2 we find the
extrapolated Er decay rate in absence of concentration
quenching:Wint,air=54±7 s−1 for the air section andWint,Ag
=92±4 s−1 for the Ag section. Adding the Ag film onto the
glass thus enhances the intrinsic Er decay rate by 70±25%.
From the slopes in Fig. 2, and using an OHsquencherd con-
centration of 831018 OH/cm3 sRef. 3d we find CEr–Er
=s2.7–3.1d310−39 cm6/s, which is a typical value for soda-
lime silicate glass.3

We describe the interaction between an oscillating dipole
and a metal interface by a model developed by Ford and
Weber.10 In this one-dimensional model, a harmonic oscilla-

tor dipole is driven at constant power and placed in a dielec-
tric layer, which is embedded in a stack of layers with arbi-
trary dielectric constants. The power dissipation of the dipole
is determined by calculating the imaginary part of the elec-
tric field at the position of the dipole. The dipole moment
times the electric field is due to contributions from the di-
pole, and the fields reflected by the dielectric surrounding the
dipole. After a spatial Fourier transform of the dipolar field
into plane waves, the reflected fields can be calculated using
the Fresnel reflection coefficients for all interfaces. The total
power dissipation is then calculated for all in-plane wave
vectorsskid. If the dipole is embedded in an infinitely thick
dielectric layer, power is dissipated only for in-plane wave
vectors that are smaller than the dipole’s far-field wave vec-
tor in its embedding dielectric mediumski økd=sv /cdÎ«dd,
i.e., evanescent waves do not transport energy. However, if
an absorbing medium with a smaller real part of the dielec-
tric constant is located within the near-field of the dipole,
power is also dissipated for wave vectorski .kd. Using Ford
and Weber’s model, we calculated the power dissipation of a
dipole emitting atlvac=1538 nm sthe Er3+ peak emission
wavelengthd in sodalime silicate glasss«d=2.25d both for an
air- s«air=1d and Ag-covered sections«Ag=−41.8+i4.6d.

Figure 3sad shows the power dissipation spectrum at
lvac=1538 nm calculated for a randomly oriented dipole at a
distanced=103 nmsthe peak depth of the Er distribution in
the experimentsd for the case of the glass in air. As can be
seen, power is dissipated for wave vectorski /kdø1. The
cut-off atki /kd=1 sdashed vertical lined shows that all power
is dissipated into the far field, and that there is no absorption
for larger wave vectors. Figure 3sbd shows the dissipated
power spectrum for the corresponding case for the dielectric
covered with Ag. The power dissipation shows the spontane-
ous emission contribution forki /kdø1. A large peak is ob-
served atki /kd=1.027ssee the insetd, which corresponds to
the wave vector of a SP at the Ag/silica glass interface.
Power dissipation for even larger wave vectors is due to the
excitation of lossy surface waves: energy transfer to the
metal owing to the imaginary part of the dielectric constant
si.e., electron scatteringd.10,11

The total decay rate is calculated by dividing the power
dissipation, integrated over the complete wave vector range,
by the energy of the dipole field. The decay rates are aver-
aged over parallel and perpendicular orientations relative to
the interface, and normalized relative to the bulk value. Cal-
culations were performed for distances from the interface in
the range of 1–1500 nm, and convergence to within 1% was
achieved for all distances larger than 5 nm. To partition the
total decay rate of the dipole ions near the Ag/glass interface
into the three decay channels, the spectra in Fig. 3sbd were
integrated over the corresponding wave vector rangessspon-
taneous emission:ki /kd,1, SP excitation 1øki /kd,1.056,
lossy surface waves: 1.056øki /kdø200d.

Figure 3scd shows the normalized spontaneous emission
rate sequal to the total decay rated of the dipole for the case
of the dielectric in air, as a function of distance from the
surface. The decay rate shows an oscillation with depth due
to the reflection of emitted waves that, by either constructive
or destructive interference, decreases or increases the dipoles
decay rate. The oscillations represent variations in the local
density of states, an effect that previously has been probed
experimentally by placing Er or Eu ions at different distances
from the interface.12–14 The reduced decay rate near the in-

FIG. 2. PL decay rates measured atl=1538 nm for samples implanted with
different Er fluences, for the sample in air or covered with Ag. The decay
rate increases linearly with concentration due to concentration quenching.
The dotted horizontal lines indicate the extrapolated decay rates at zero Er
concentration.

FIG. 1. PL decay curves measured atl=1538 nm for a sample doped with
131015 Er/cm2. The 488 nm laser was switched off att=0. The decay for
the sample in air is slower than that of the sample covered with Ag. The
inset shows the Er emission spectrum for the sample covered with Ag.
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terface is a result of the requirement of continuity ofD fields
parallel to the interface.

Figure 3sdd shows the depth-dependent normalized de-
cay rates for the glass covered with Ag. The spontaneous
emission rate shows oscillatory behavior as in Fig. 3scd,
though with a larger decrease near the surface, due to the
higher reflectivity of the interface. Figure 3sdd also shows a
clear SP excitation component that exponentially decreases
with depth as the dipolar near field moves further away from
the Ag. The figure shows that for very small distancessd
,20 nmd the decay is dominated by the generation of lossy
surface waves. Atd=90 nm the SP excitation rate is roughly
equal to the spontaneous emission rate.

The effect of the various decay processes on the experi-
mentally prepared Er-doped samples can be evaluated by in-
tegrating the depth-dependent rates for each of the decay
channels over the Er depth distributionfshown in Fig. 3scdg.
From this analysis it follows that the total decay rate on the
Ag/glass interface is enhanced by a factor of 1.52, relative to
the total decay rate for the air/glass interface. This is close to
the experimentally determined ratio of intrinsic decay rates
of 1.7±0.25 derived from Fig. 2.

The correlation between experiment and theory pre-
sented here demonstrates that Er3+ ions can couple efficiently
to SPs at the Ag/silica glass interface. This provides direct
support for our earlier study6 that showed large modifications
in the spontaneous emission spectrum of Er ions embedded
in a metallodielectric grating that were interpreted in terms
of the near-field generation of SPs by excited Er3+ ions. To
illustrate how coupling to SPs may eventually serve to en-
hance the Er emission QE we evaluate data for the sample
with the highest Er concentration in Fig. 2. The Er ions for

the air-covered sample have an internal QE of 26%, due to
concentration quenching. The Er ions in the sample covered
with Ag show a further enhanced decay rate due to coupling
to SPs. If the latter can be coupled out into the far field at an
efficiency of 100%, the external QE would increase to 35%.
Note that extraction efficiencies for SPs as high as 80% have
already been demonstrated.15

Although the emission rate and QE enhancements pre-
sented here are relatively small, they clearly demonstrate the
concept of coupling to SPs in the near-infrared. As the ex-
periments are in agreement with theory, we can now use the
latter to search for more effective ways to enhance emission
rates and QEs by coupling to SPs. The relatively weak cou-
pling of Er to SPs at the Ag/silica glass interface is caused by
the large difference between the Er emission frequency and
the Ag plasma frequency.15 There are several ways to in-
crease the coupling to SPssand thereby the decay rate and
QE enhancementd: s1d using a dielectric with higher dielec-
tric constantse.g., Sid, s2d using a different metalse.g., Aud,
or s3d by coupling to a thin metal film rather than an opti-
cally thick layer.14 Calculations based on the previously de-
scribed model show that the SP excitation rate for a dipole in
Si s«d=11.9d emitting atlvac=1538 nm and positioned at a
distance of 20 nm from a 10 nm thin Ag film is 12 times
faster than the bulk spontaneous emission rate.

In conclusion, the decay rate of optically excited Er3+

ions near a glass surface is enhanced by 70% if the glass is
covered with Ag. The enhancement is in good agreement
with a model that takes into account variations in the local
density of states, excitation of surface plasmons and lossy
surface waves, with the majority of the decay rate enhance-
ment due to SP excitation. Much larger enhancements are
expected for an optimized metallodielectric geometry. If
these SPs can be efficiently coupled out, the emission rate
and QE of Er can be enhanced. In this way, fundamental
quenching processes of Er in Si and silica glass may be
avoided. The next challenge is to experimentally demonstrate
this.
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FIG. 3. Power dissipation as a function of normalized in-plane wave vector,
calculated for a randomly oriented dipole emitting atlvac=1538 nm and
positioned atd=103 nm forsad an air/glass interface, andsbd an Ag/glass
interface. The large peak insbd is due to coupling to surface plasmons, a
feature that is more clearly illustrated in the inset. Calculated normalized
decay rate as a function of distance fromscd the air/glass interface, andsdd
the Ag/glass interface. Forsdd the total decay rate is split up into three decay
channels, including lossy surface wave excitationsLSWd.
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