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Coupling of Er ions to surface plasmons on Ag
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Er** 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 EY 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. Z)05 American Institute of Physics
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Trivalent erbium ions, with their characteristft,;, fluences ranged fron{l to ) x 10'° Er/cn?, resulting in
— 15, intra-4f transition at 1.53.m, play a key role in a peak concentrations ranging from 0.12 to 0.71 at. %. To
wide variety of optical and optoelectronic devices. They pro-avoid charging during the ion implantation the samples were
vide the gain medium in optical telecommunication amplifi- covered with a 40-nm-thick Al layer, which was removed
ers and lasers, and provide a source of electroluminescenedter ion implantation with a KOH etch. The samples were
in a range of Si-based optoelectronic devices. However, duannealed in vacuum for 1 h at 512 °C, a procedure known to
to the parity forbidden character of the intrétfansition, the  remove all implantation related defeétShe Er depth profile
radiative emission rate of Efis very low, typically in the as measured by Rutherford backscattering spectrometry is
range 100—-10007$. Consequently, the output power and described by a Gaussian distribution that is centered at
modulation speed of Er-doped light-emitting diodes or laserg03 nm with a straggle af=43 nm. Finally, one section of
is limited. Moreover, the low radiative rate makes the Ereach sample was covered with an optically thi@25 nm
emission sensitive to nonradiative decay processes, such ag film using sputter deposition. The dielectric constant of
Auger recombinatiohand energy backtransfer in $gr up-  the Ag film, measured ak=1538 nm using ellipsometry,
conversion and concentration quenching in silica g?aSev- wasep,=-41.8+44.6.
eral key limitations in Er-based photonic materials technol-  photoluminescencéPL) measurements were performed
ogy could be resolved if the radiative emission rate of Erat room temperature on either Ag or air covered sections of
could be artificially enhanced. We propose to enhance the Bhe Er-implanted samples. An argon-ion laser operating at
radiative decay rate by coupling to surface plasm@®B3. 488 nm was used to excite the*Eions into the*F,,, mani-
Surface plasmons are propagating electromagnetic waves lgs|d. The laser intensity, modulated at 6 Hz with an acousto-
calized at the interface between a metal and a dielectricyptical modulator, was incident though the transparent back
coupled to surface charge oscillatichan electric dipole,  side of the sample. PL was collected from the back using an
positioned close to such an interface, can decay by the excf=10 c¢m lens and dispersed using a 480 mm focal-length
tation of a SP. As was recently demonstrated for Er and Eynonochromator, set to a resolution of 6 nm. The collected
ions, the propagating SP can be coupled out into the far fieldnq dispersed PL intensity was recorded by a liquid-nitrogen
using a grating that relaxes the momentum mismatch besggoled Ge diode with a response time of @§. PL decay
tween SP and photdtf This process thus contributes to the races were taken using a digitizing oscilloscope, integrating
far-field emission of the emitter, effectively increasing its 5 large number or decays.
radiative emission rate. The inset of Fig. 1 shows a PL spectrum for Er-

In this letter, we focus on the details of the coupling of jmplanted sodalime-silicate glass covered with Ag. An iden-
an excited Er ion to a metal. We experimentally demonstratgica| spectrum is observed for the section of the sample with-
that the photoluminescence decay rate of Er ions in silicgt Ag, indicating that the presence of the metal does not
glass is enhanced near a Ag interface. The increase of thgfect the crystal field around the ¥rions and the atomic
decay rate(corrected for concentration quenching effed$s  gipole transition matrix element is identical for the two
consistent with a model that describes the combined effect qfgses. Two PL decay traces are shown, taken at the Er peak
variations in local density of states and excitation of SPs angmission wavelength of 1538 nm, for the sample implanted
lossy surface waves. The model is then used to predict optiyjith 1 x 10 Er/cn, for the air- and Ag-covered sections of
mum conditions for radiative rate and quantum efficiencyipe sample. The decays are single-exponential, and the PL
(QE) enhancements for infrared emission of Er. decay rate for the Ag-covered sectitB1 s?) is enhanced

The surface region of sodalime-silicate glass samplegompared to the PL decay rate for the air-covered section
was doped with Er by 500 keV Erion implantation. lon (87 1.
Figure 2 shows the PL decay rates measured at 1538 nm
¥Electronic mail: j.kalkman@amolf.nl for the Ag- and air-covered sections of samples with different
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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
Air 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
. . ‘ . [1:4] the Fresnel reflection coefficients for all interfaces. The total
0 5 10 15 20 25 power dissipation is then calculated for all in-plane wave
Time (ms) vectors(k;). If the dipole is embedded in an infinitely thick
FIG. 1. PL decay curves measurechat1538 nm for a sample doped with  dielectric layer, power is dissipated only for in-plane wave
1x10'® Er/cn?. The 488 nm laser was switched offtat0. The decay for ~ vectors that are smaller than the dipole’s far-field wave vec-
Fhe sample in air is slc_)wgr than that of the sample covered with Ag. Theor in its embedding dielectric mediunkus kd:(w/C) Vﬂsd),
inset shows the Er emission spectrum for the sample covered with Ag. i.e.. evanescent waves do not transport energy. However, if
an absorbing medium with a smaller real part of the dielec-
Er content. The PL decay rate increases with increasing Efic constant is located within the near-field of the dipole,
concentration, a well-known effect that is attributed to con-power is also dissipated for wave vectérs k. Using Ford
centration quenchinga process due to Forster energy trans-and Weber’s model, we calculated the power dissipation of a
fer between Er ions, followed by quenchirfgOur previous  dipole emitting ath,..=1538 nm (the EF* peak emission
work has shown that the main quencher in these glasses afgavelength in sodalime silicate glas@y=2.25 both for an
OH impurities? whose first stretch-vibration overtone is air- (¢,,=1) and Ag-covered sectiofeag=-41.8+4.6).
resonant with the 15Lm transition of E"I}ﬁ— If the concen- Figure :{a) ShOWS the power dissipation Spectrum at
tration of quenchers is much smaller than the concentratiog, . =1538 nm calculated for a randomly oriented dipole at a
of Er* ions, as is the case for our samples, the PL decay raigistanced=103 nm(the peak depth of the Er distribution in
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is described by’ the experimentsfor the case of the glass in air. As can be
seen, power is dissipated for wave vectéfsky<1. The
Wy = Wint + 47CereNoNer, D) cut-off atk;/ky=1 (dashed vertical lineshows that all power

with W,., the EF* intrinsic decay rate in absence of concen-IiS dissipated into the far field, and that there is no absorption
tration quenchingCe,_g, an Er—Er interaction constaritly for larger wave vectors. Figure(ly shows the dissipated
the concentration of quenchers, aNg, the EF* concentra-  POWer spectrum for the corresponding case for the dielectric
tion. Fitting Eq.(1) to the two data sets in Fig. 2 we find the covered with Ag. The power dissipation shows the spontane-
extrapolated Er decay rate in absence of concentratioRUS emission contribution fdg/k;<1. A large peak is ob-
quenching: Wiy =547 s* for the air section anii,ag served atk,/ky=1.027 (see the inset which corresponds to
=92+4 s! for the Ag section. Adding the Ag film onto the the wave vector of a SP at the Ag/silica glass interface.
glass thus enhances the intrinsic Er decay rate by 70+ 2504 0wer dissipation for even larger wave vectors is due to the
From the slopes in Fig. 2, and using an Qjtiencher con- excitation of lossy surface waves: energy transfer to the
centration of 8<10'® OH/cn? (Ref. 3 we find Cg,_g, metal owing to the ima%ir111alry part of the dielectric constant
=(2.7-3.2x 1073 cnb/s, which is a typical value for soda- (I-€-, €lectron scattering™ o
lime silicate glasé‘. _ '_I'he_ tota_l decay rate is calculated by dividing the power
We describe the interaction between an oscillating dipoldliSSiPation, integrated over the complete wave vector range,

and a metal interface by a model developed by Ford an§y the energy of the dipole field. The decay rates are aver-
Weber In this one-dimensional model. a harmonic oscilla- 29€d 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
Er concentration (at.%)

00 01 02 03 04 05 06 07 the range of 1-1500 nm, and convergence to within 1% was
300 S achieved for all distances larger than 5 nm. To partition the
250l _ i‘*’ _total decay rate of the dipole ions near the A.g/glass interface
Ag 7 - 4.4 !nto the three decay channels,'the spectra in Hb) ®ere
o~ 200r P N integrated over the correspondlng_que vector rarigpsn-
2 150l _r - . e | taneous emissiork,/ky<<1, SP excitation ¥Kk;/ky<1.056,
2 - %_ -~ Ar lossy surface waves: 1.056¢,/kq=< 200).
8 100 e e '1 Figure 3c) shows the normalized spontaneous emission
. % e L W =925 rate (equal to the total decay ratef the dipole for the case
W, =54 s?] of the dielectric in air, as a function of distance from the
0 : L s s : s surface. The decay rate shows an oscillation with depth due

o 1 Efﬂuencz(mls/:mz) > 8 to the reflection of emitted waves that, by either constructive
or destructive interference, decreases or increases the dipoles

FIG. 2. PL decay rates measurec\at1538 nm for samples implanted with gecay rate. The oscillations represent variations in the local
different Er fluences, for the sample in air or covered with Ag. The decay : .
rate increases linearly with concentration due to concentration quenchingdensIty of states, an effect that previously has been probed

The dotted horizontal lines indicate the extrapolated decay rates at zero E’-}xperime_ntally by El?fing Er or Eu ions at different diStan(_;es
concentration. from the interfacé?™'* The reduced decay rate near the in-
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the air-covered sample have an internal QE of 26%, due to

;i 10°p =103 mm S 1 L concentration quenching. The Er ions in the sample covered
g I ' T ; with Ag show a further enhanced decay rate due to coupling
gt i i ] to SPs. If the latter can be coupled out into the far field at an
}g 10'} i ] efficiency of 100%, the external QE would increase to 35%.
7 I i ] Note that extraction efficiencies for SPs as high as 80% have
& et et alastelly already been demon;trgtésd.
k, emission /k, K, emission /K, Although the emission rate and QE enhancements pre-
NEE ' ", - \ ’ _ "‘ ©] sented here are r_elatively small, they cle_arly demonstrate the
00 © - - L p— con_cept of cou_pllng to SPs in the near-infrared. As the ex-
ocll / ] periments are in agreement WI"[h theory, we can now use Fhe
T ] latter to search for more effective ways to en_hance emission
e 0'6 Er distribution ] rates and QEs by coupling to SPs. The relatively weak cou-
8- pling of Er to SPs at the Ag/silica glass interface is caused by
= 05 ’ @ the large difference between the Er emission frequency and
% L6 Total rate ] the Ag plasma frequency. There are several ways to in-
g 12 crease the coupling to SRand thereby the decay rate and
Z 08 QE enhancement(1) using a dielectric with higher dielec-

4 tric constant(e.g., S), (2) using a different metale.g., Au,

o or (3) by coupling to a thin metal film rather than an opti-

0 250 500 750 1000 1250 1500 cally thick layer** Calculations based on the previously de-

Distarice (i) scribed model show that the SP excitation rate for a dipole in
FIG. 3. Power dissipation as a function of normalized in-plane wave vectorSi (eq=11.9 emitting at\,,.=1538 nm and positioned at a
calculated for a randomly oriented dipole emitting \gt.=1538 nm and distance of 20 nm from a 10 nm thin Ag film is 12 times

positioned atd=103 nm for(a) an air/glass interface, arth) an Ag/glass L
interface. The large peak ifb) is due to coupling to surface plasmons, a faster than the bulk spontaneous emission rate.

feature that is more clearly illustrated in the inset. Calculated normalized ~ IN conclusion, the decay rate of optically excitedEr
decay rate as a function of distance fréon the air/glass interface, arid)  ions near a glass surface is enhanced by 70% if the glass is
theAg/gIas_sinte_rface. Fdd) the total decay rate is split up into three decay covered with Ag. The enhancement is in good agreement
channels, including lossy surface wave excitaiow). with a model that takes into account variations in the local
density of states, excitation of surface plasmons and lossy
terface is a result of the requirement of continuityDofields  gyrface waves, with the majority of the decay rate enhance-
parallel to the interface. _ ment due to SP excitation. Much larger enhancements are
Figure 3d) shows the depth-dependent normalized deeypected for an optimized metallodielectric geometry. If
cay rates for the glass covered with Ag. The spontaneougese SPs can be efficiently coupled out, the emission rate
emission rate shows oscillatory behavior as in Fi¢c)3 g9 QE of Er can be enhanced. In this way, fundamental
though with a larger decrease near the surface, due to ”lf'uenching processes of Er in Si and silica glass may be

higher reflectivity of the interface. Figurdd also shows a 5\ gided. The next challenge is to experimentally demonstrate
clear SP excitation component that exponentially decreasgfjjg.

with depth as the dipolar near field moves further away from
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