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Local optical density of states in SiQ spherical microcavities: Theory and experiment
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The local optical density of stat¢ésDOS) in 340-nm-diam SiQ@ spherical microcavities was calculated and
probed experimentally by measuring the luminescence decay rate gth ™ erbium ions implanted in the
colloids. To separate the effect of nonradiative processes, first the radiative decay réteinftiElk SiO, was
determined. This was done by varying the LDOS in an Er-doped plangr fi®by bringing the film into
contact with liquids of different refractive index in the range-1.33—1.57. By comparing the calculated
LDOS with the observed changes in decay rate with index, the radiative rate was found tc: b $4 (
=18=3 ms) in bulk SiQ. This value was then used to analyze the difference in decay rate in colloids
surrounded by air or immersed in an index-matching liquid. Within the experimental error, agreement was
found between the calculated and experimentally probed LDOS in the colloids. Finally, a full determination of
the LDOS vs size in Si@microcavities is presented R/N=0.1-6.9), vhich shows the appearance of a
number of maxima, corresponding to the position of the electric-type resonances inside the microcavity.
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[. INTRODUCTION and near-infrared part of the spectrum and they have excited-
state lifetimes in the millisecond range with high quantum
The spontaneous-emission rate of an atom is not a profficiencies[7,9,25. The transition frequency is almost in-
erty of the atom only, but depends on the local optical sursensitive to the host material and resembles that of the free
rounding as well. Recently, there has been a growing intered@n, due to the fact that the optical transitions take place in
in the use of dielectric structures, such as microcavities anthe 4f shells that are shielded from interactions with the host
photonic band-gap materials, to modify the rate of spontanehaterial by the § and  electrons. lon implantation of
ous emission. Such modifications were observed for Rydbergare-earth elements can be used to put the atoms at a well-
atoms[1,2], for atoms placed in microcavitié8—5], in thin ~ defined depth in almost any host matefi26].
films [6], close to a mirror or dielectric interfad@—10], in In this paper, we study the radiative decay rate of opti-
liquid microdroplet§11-13, and photonic crystalgl4—14.  cally active EP* ions incorporated in SiQcolloidal spheres,
The changes in decay rate can be determined by calculathich serve as small spherical microcavities. To separate ra-
ing the local density of stated DOS) and then applying diative and nonradiative components in the decay, experi-
Fermi’s Golden Rule to obtain the radiative decay rate. It hagnents were also done on an erbium-implanted,$i film
been shown that the radiative decay rate is proportional t&n a silicon substrate. By changing the LDOS in the film by
this LDOS, both in a scalar approximati¢ph7] and for the  bringing it in contact with liquids with different refractive
full Maxwell equationsg18,19. For relatively simple geom- indices, and monitoring the change in the decay rate of the
etries, the LDOS can be calculated using either a full set oerbium ions, the radiative and nonradiative decay rates of
eigenfunctions of the Helmholtz wave equati@0-24 or ~ Er** ions in bulk SiQ were determined. This resulted in the
by using Green’s function23,24. first experimental determination of the radiative decay rate of
Luminescent ions can be used to experimentally probe thEr*" in pure SiQ. These data were then used to analyze
LDOS. In general, the measured changes in decay rate caaxperimentally observed changes in decay rate for
not be compared directly to theoretical results because norer’t-doped SiQ colloids upon immersing the colloids in an
radiative processes that occur parallel to the radiative decapdex-matching liquid. A large effect is observed if the’Er
must be taken into account. Therefore, in an experimentabs incorporated in a 340-nm-diam spherical microcavity,
determination of the LDOS, accurate and reproducible methwhich can be attributed to the geometry of the microcavity.
ods are needed so that the nonradiative and radiative decay
rates can be determined independently.
Trivalent rare-earth ions are excellent candidates to probe
the LDOS, since the optical transitions occur in the visible SiO, colloidal spheres were made using a wet chemical
reaction from tetra-ethoxy-silan@EQS), ethanol, ammonia,
and water. The sphere diameter obtained was 340 nm at a
*On leave of absence from the Institute of Physics, AS CR, Nasize polydispersity of 5%. The colloids were deposited on
Slovance 2, Prague, Czech Republic. Si(100 substrates that were cleaned for 15 min in a 1.0-M

II. EXPERIMENT

1050-2947/2001/68)/0338077)/$20.00 64 033807-1 ©2001 The American Physical Society



M. J. A. de DOODet al. PHYSICAL REVIEW A 64 033807

KOH solution in ethanol and rinsed in pure ethanol before
use. A droplet of the spheres dissolved in ethanol was put on
the substrate, and the ethanol was allowed to evaporate, lead-
ing to the formation of three to four layers of stacked
spheres.

A SiO, layer of 100-nm thickness was grown on @190
substrate in two consecutive steps using a reaction mixture of
TEOS, ethanol, ammonia, and water. The substrates were put
into the reaction mixture and the layer was grown for 2 h
under continuous stirring of the mixture. Details of the syn-
thesis procedure and characterization of the layers and the
spheres are published elsewhf2&—-31].

The 100-nm-thick Si@film was implanted with 70-keV
Er" ions to fluences of 3410%ions/cnf and 9.1
x 10*jons/cnt at room temperature. The 340-nm-diam
spheres were implanted with 350-keV'Bons to fluences of
0.9x10% and 2.5¢ 10™ at cmi 2. Both implantation condi-
tions were chosen to lead to the same nominal Er peak CORy 5 and 0.5 at
centrations of 0.2 and 0.5 at.%. After implantation, all ' '

samples were annealed in a vacuum furnguessure<s film indicate that the Si@layer thickness is 100 nm and the

X 10" " mban at 100 °C for 1 h and at 900 °C for 1 h. - -
) : ; refractive index equals that of pure Si@ade by thermal
Scanning electron microscog$EM) images of the col- oxidation (1= 1.45).

loids were taken using 5-keV electrons at a resolution better The PL spectrum of a sample with three to four layers of
thz_in 5 nm. PhotolgmlnescenttE_L) specira were obtained 340-nm spheres annealed at 900 °C is shown in Fig. 2. The
using the 488-nm line of an Ar-ion laser as a pump SOUrCee s+ s are excited into théF,, level as shown in the
Th.e pump beam was modulated at a frequency of 13 H set. The emission is due to transitions from the first excited
using an acousto-optic modulator. The PL signal was focusegtate ¢ 15 to the ground state’(;,), peaking at a wave-

onto the entrance slits of a 96-cm grating monochromato[ength of 1.536um. Other samples, implanted to higher er-

and_detected by a Ilqwd-nltrqgen-cooled Ge detector ©Mbium fluences even if annealed at different temperatures, as
ploying standard lock-in techniques. The spectral resolut|or\1NeII as the 100-nm-thick Silayers, show the same PL
of the system was 6 nm. PL decay traces of the lumines- YErs,

+ . spectrum. This spectrum is similar to the PL spectrum of
cence were recorded at the peak of th&"Huminescence at erbium ions implanted into thermally grown Sig82]. Since

1.536 um and averaged using a digitizing oscilloscope. The

: e shape of the PL spectrum is determined by the Stark
overall time response of the system was measured to be o X . .
o ! o Splitting of the ground state and first excited state induced by
us. Transparent liquids of different refractive index (

—1.33—1.57) were brought into contact with the sample sur:[he local environment around the atom, this suggests that the

face, while the luminescence signal was collected from the
(unpolished backside of the Si substrate. Since silicon is

FIG. 1. SEM image of Si@colloidal spheregdiameter 340 nm
deposited on a Si substrate.

%, respectively. Spectroscopic ellipsometry
measurementgnot shown on the annealed Er-implanted

Energy (eV)
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transparent for wavelengths longer than L, the EF* T T T T T T T T T T ]
luminescence around 1.54m can be collected without dif- 10F . -
ficulties. The pump laser beam was directed onto the sample [ 75— Fr2 ]
surface through the liquid films. The liquids used in our ex- %\oa i — b
periments are watemE& 1.33), a microscope immersion oil E, 1t _ |
(Merck, according to DIN 58884)=1.51), and iso-eugenol c I . 1
(n=1.57). An index-matching liquid (=1.45) was pre- T 06| £ .
pared by mixing water and ethylene glycol in the right pro- - [ g |

ortions. 8t 4 ]
p E 0.4 - c 13/2 ]
IIl. RESULTS AND DISCUSSION s | 3 ]
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A. Synthesis and photoluminescence [ ]

Figure 1 shows a SEM image of the 340-nm silica col- 0.0hias 1L 4 ! LM hiaana A

1.4 1.5 1.6 1.7

loids. A layered structure composed of three to four layers Wavelength (um)

can be vaguely determined from the SEM image. The layer
thickness was found more accurately in Rutherford back- kg 2. PL spectrum for Er implanted Sj@olloids of 340 nm
scattering spectrometfRBS) measurementf25]. RBS on  diameter on a silicon substrate. The 488-nm emission line from an
the SiQ film implanted with 70-keV Er ions shows a Gauss- Ar ion laser was used as an excitation source. The PL spectrum
ian Er depth distribution peaking at a depth of 39 nm with apeaks at a wavelength of 1.53&m corresponding to thél s,
standard deviationr=11nm. The peak concentrations are —*l, transition of EF*.
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FIG. 4. Polarization- and angle-averaged local optical density of
states for a 100-nm-thick Sidayer (no=1.45). The layer is sand-
wiched between a Si substrata=(3.45) and an ambient with
=1.00 (dashed ling or n=ny=1.45 (solid line). All calculations
were done for a vacuum wavelength of 1.ah. The inset shows
the LDOS in the Si@layer in more detail.

FIG. 3. Measured decay rate of *rions in a 100-nm-thick
SiO, layer as a function of refractive index of the covering liquid
(0.2 at. % EYy. The EF" ions were excited through the liquid using
the 488-nm line of an Ar-ion laser, while the PL signal was col-
lected from the back through the Si substretee inset

local environment of the Ef ions in all samples discussed macroscopigp ande(r) are the only parameters in E(.1)
in this paper is comparable. that are varied in our experiments.

In the next two sections, we will first describe experi- The LDOSp can be calculated as a function of position
ments to determine the radiative decay rate 6f En planar ~ For a dielectric slab, this calculation is done by quantizing
SiO, films and compare this value with existing literature. the electromagnetic field using a complete set of normalized
We will then use these data to study the LDOS in colloidaleigenvectors of the classical Maxwell problem, closely fol-

particles. lowing Ref.[22]. For this calculation, the complete set of
incoming plane waves at a single frequency is summed, us-
B. Luminescence lifetime and local density of states ing reflection and refraction of the waves as given by the
in the Er3*-doped Si0, layer Fresnel coefficients of the layered system. Since the ions in

. 3 . our experiments are distributed randomly in the matrix, an

Figure 3 shows decay rates of*Ermeasured at a lumi- integration over all angles and both polarizations was done.
nescence wavelength of 1.53m for the SiQ film im-  £4 "3 absolute determination of the radiative rate, the mi-
planted to a peak concentration of 0.2 at. % Er. Decay rategroscopic local field should be used in the calculation. This
were measured for the sample in air and in contact with,cq) field seen by the atom is due to the microscopic envi-

liquids with refractive indicesn of 1.33, 1.45(index-  ronment of the atom and differs from the macroscopic field.
matching case 1.51, fisnlq 1.57. A clear increase of the decayith the liquid films in our experiment, we only influence
rate from 184 to 205 is observed as the refractive index is microscopic local field through the macroscopic field

of the liquid is increased. Asimila(absolut_eincrease inthe  gince the EF ions are relatively far away from the interface
decay rate was observed for a sample with a peak concentrFs:g]_

tion of 0.5 at. %(not shown. _ _ Figure 4 shows a calculation of the local LD®S,s for a
As we have shown before, for the simpler case of a singl§ qo_nm-thick SiQ slab (1=1.45) on a Si substraten(
interface between two dielectric media of infinite thickness_ 3.45) normalized to the LDbS for a bulk medium of re-

[9,10], the increase in decay rate with refractive index of th;’ractive indexn=1.45. The calculation was done for a wave-

ength of 1.54um, corresponding to the peak of the®Er
emission. The factoe(r) in Eq. (3.1 is included in the
definition of f; 45 making this LDOS directly proportional to
the radiative decay rate. The positiaa-0 corresponds to
the position of the Si/Si@interface.
The dashed line shows the calculated LDOS for a sample
ID|?p(w,r), (3.2 in air (n=1.00) and the solid line shows the LDOS for an
index-matched filmii=1.45). The oscillations in the LDOS
on both sides of the interface are caused by interference be-
wheree(r) is the position-dependent dielectric constamts  tween incoming and reflected waves and have a periodicity
the transition frequency, an®|? is the atomic dipole matrix of ~\/2n. Such oscillations are invisible in the SiGIm
element of the transition involved. This matrix element is notbecause the film thickness is much smaller than the emission
influenced by the optical properties of the interface. Thus thevavelength(thickness<\/4n). Clearly, for both curves in

covering liquid can be understood by considering the optic
LDOS for the SiQ film in contact with liquids of different
refractive index. According to Fermi’s Golden Rule, the ra-
diative decay rate can be written in terms of a LD@®3s
[9,22]

mTw

hie(r)

Wiad )=
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Fig. 4, the LDOS in the Si@film is enhanced compared to 100}
that for bulk SiQ (f4 45=1.00), which is due to the presence i
of the high-index Si substrate. The inset of Fig. 4 shows the
LDOS in the SiQ layer in more detail, which clearly shows
that the LDOS in the film increases with increasing index of
the outside mediumn(=1.00-1.45). According to Ed3.1),

this explains the measured increase of the decay rate with
refractive index as observed in Fig. 3.

The change in decay rate with refractive index can be
calculated quantitatively by considering the calculated
LDOS, the measured Er depth profile, and the variation of
the 488-nm pump light over the film thickness due to inter-
ference. We find that the observed relative increase in decay
rate is much smaller than that found in the calculation that 19
assumes that the decay process is purely radiative. Therefore, Time (ms)
nonradiative processes that are independent of the optical . o
properties of the interface must be included. The total decay FIG. 5. Photoluminescence decay traces plotted on a logarithmic

rate is the sum of the radiative and nonradiative decay rateSc@le for erbium-ion-implanted 340-nm-diam $iSpheres(0.2
at. % Ep. Decay traces for the sample in ain=€1.00) and im-

W=W, 2+ Whonrad (3.2 mersed in an index-matching liquidn€ 1.45) are shown. The
straight lines correspond to single exponential fits with decay rates
Using Eq.(3.1), the total decay rate can be rewritten in of 69 and 101 s, respectively.
terms of the LDOS 4 45:

1071

Normalized PL Intensity

SiO, region was doped with EBf ions using Er-ion implan-
W(n,2)=f1 44N, 2) W5+ Wionra (3.3 tation. They find that the emission rate enhancement and
) _ ) suppression effects in such cavities are smaller than those
wheref, 45 is the LDOS normalized to the LDOS in a bulk predicted by theory. One explanation of this effect, also in-
material withn=1.45 andW;,{is the radiative decay rate of dicated by the authors, is that there is a nonradiative compo-
Er** ions in bulk SiQ. The solid line in Fig. 3 is a fit of Eq. nent in the decay. Using E€3.3), with f equal to the cavity
(3.3 to the measured data, resulting Wi;>=54+10s®  enhancement factor given in Fig. 3 of REf], we can fit the
and Wponag= 115=10s % The radiative and nonradiative cavity data to Eq(3.3) and find W,,¢=555* and Wygprag
rates are separated by the dashed line in Fig. 3. Note that the28 571, This value folW,,4is in perfect agreement with the
radiative rate for the index-matching case=(1.45) is found  value obtained above for bulk SO
to beW, =69 s ! for the SiQ thin film. This is higher than The radiative rate for Er in bulk SiQof 54 s'* can be
the radiative rate in bulk Sig54s™%), which is due to the compared to the radiative decay rate of Er implanted in silica
fact that the Et" ions are close to the high refractive index sodalime glass, which was determined to be 45[8]. The
Si substrate, which enhances the radiative decay rate. Oulifference is likely to be due to a difference in the local
analysis uses refractive index values at A\=590nm. As  environment of the Er ions, which is also reflected in the
the index dispersion between 590 nm and /A is less than difference in PL spectra.
2% and the LDOS is sensitive to the difference in index
between Si@ and the liquid, this introduces an errerl% D. Luminescence lifetime in EF*-doped SiO, spherical
[34]. microcavities

Now that we have determined the radiative lifetime of
Er** in bulk SiO,, this result can be used to study changes in
The radiative rate of 510s ! (r=18+3ms) for EF*  the luminescence lifetime of Ef in SiO, colloidal spheres.
in bulk SiG; found in the preceding section is identical to the The SiGQ spheres are grown using a similar process to that

lifetime measured for 1@«m-thick SiO, layers grown by wet  for the thin SiQ layers[31]. Therefore, the local environ-
thermal oxidation of Si that are implanted with 3.5-MeV Er ment is likely to be the same and hence the radiative lifetime
ions [32]. In that case, the distance between the interfacesf the Er ions is the same in both cases. Figure 5 shows Er
and the Et" ions is so large that the LDOS is equal to that of luminescence decay traces measuredh at1.536um for
bulk SiO, within a few percent and a lifetime of 17 ms was SiO, spheres of 340-nm diartas in Fig. 2 implanted with
reported (W=59s ). We note that the radiative lifetime of 350-keV Er ions to a fluence of 0QL0'®ions/cn?
18+ 3 ms determined here is larger than the lifetime found in(0.2 at. %) and annealed at 900 °C for 1 h. Two lumines-
several other studies of Er-doped $if#,32,35 indicating  cence decay traces are shown: one for the spheres in air and
that nonradiative decay plays an important role in those studsne for the spheres in an index-matchimg=(1.45) liquid. A
ies. large increase in the decay rate from 69 to 10% is ob-
Our result can also be compared with measurements aferved for the index-matched case. After removing the index-
the decay rate of Bf in a Si/SiQ, planar microcavity stud- matching liquid and drying the sample for several minutes,
ied by Vredenberg and co-workers in R¢#]. The active the decay rate returned to the original value of 6§ show-

C. Comparison with literature
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ing that the index-matching process is reversible. We have [
repeated the experiment using dimethylsulfoxi@VSO) 2.0
(n=1.48) and fully deuterated DMSO-d6 and found the
same increase by 30 §for both cases. This excludes the
possibility that the increase is due to nonradiative processes
owing to —OH and—CH groups in the liquid, as the quench-
ing rate for the two liquids should then have been very dif-
ferently[36,37]. This indicates that the effect on decay rate is
purely caused by the refractive index of the liquid.

In the index-matched case, the LDOS in the colloids is
identical to that for the Si©film on Si in contact with the
index-matching liquid, as given by the solid line in Fig. 4. In
the present geometry with the substrate covered with three to
four layers of 340-nm spheres, the implanted'Eions are
placed 700—-1000 nm away from the Si interface. As can be
seen in Fig. 4, for these distances the LDOS differs by less
than 7% from the bulk value. Therefore, the radiative decay
rate of the Et" ions inside the index-matched spheres must Y S Ly T
be close to the rate in bulk Sif 54+10s L. The differ- o 300 600 900 1200
ence with the measured rate of 10% $s then attributed to a Distance z (nm)

nonradiative decay process at a rate of 4D FIG. 6. Polarization- and angle-averaged LDOS as a function of
-1 -y ~1 ; : . 6. - -
S “(101s *=54s "=47s ). Having now determined the radial position for a Si@sphere 6=1.45) in air, calculated for a

nonradiative decay rate in these colloids, we can derive the X
radiative decay rate in the colloids in air by subtracting the'acuum wavelength of 1.54m. Data are shown for spheres with a
‘diameter of 175 nnfa), 340 nm(b), or 1600 nm(c).

measured nonradiative rate from the measured total rate in

"iir' -':qis rgiults lq a [?diati"e decay rate of 22g..y scale indicates the LDOS normalized to the LDOS for
+155 (695" 475 =225 for a 340-nm-diam sphere 1k S0, (n=1.45). The position within the sphere is nor-
surrounded by air. malized to the sphere radius such th#®=1 corresponds to

This experimentally determined value can be compareg,q edge of the sphere whitéR=0 corresponds to the cen-
with theoretical calculations of the LDOS for a spherical (o of the sphere. A number of maxima and minima in the

particle. The LDOS is obtained by using the imaginary pary hog  are observed as a function of the sphere
of the Green functioi(w;r,r) of the Helmholtz equation at

a given frequencyw [38,39. The LDOS is defined as 2mR/\
[23,24,4Q

(@)

-
o

Noo
o o

Local Density of States f; s
M o =
o o ()

_‘
=

2.0

p(w,r)=—%lmG(w;r,r). (3.9

Using the definition of Eq(3.4), the relation between the
LDOS and the radiative decay rate is again given by Eq. <10
(3.1.

Figure 6 shows a calculation of the LDOS for a single
spherical particle at a vacuum wavelength of 1.538, as a
function of the radial distance, for spheres with a diameter of
175 (a), 340, (b) or 1600 nm(c). The density of states is
normalized to the LDOS of a bulk medium with= 1.45. For

T 7 @

o
Oz

1000 2000 3000
the 175- and 340-nm-diam spheres, very little variation in Sphere diameter (nm)

the LDOS is observed inside the sphere. This can be ex-
plained by the fact that the emission wavelength is Iargeg
then the first Mie resonance in these spheres. Note that tf}é’

FIG. 7. Polarization- and angle-averaged LDOS for a ,SiO
here =1.45) in air for a vacuum wavelength of 1.5af as a

. . nction of normalized radial positiofvertical axig and sphere
average LDOS can be largiffig. 6@ ] or smaller{Fig. 6b)] diameter(horizontal axi$. The corresponding size parameter is in-

than the LDOS in bulk Si§) depending on the sphere diam- gicated on the top axis. The LDOS is indicated by the gray scale on
eter. For larger diameter spheres Mie resonances appegfe right and was normalized to the density of states in bulk,SiO
leading to more pronounced variations in the LDOS asrhe observed maxima in the LDOS are indicated by the black dots.
shown in Fig. 6c) for 1600-nm spheres. The positions of the magnetic and electric resonances of the sphere
A complete representation of the LDOS for a single are indicated on the top axis. The magnéétectrig resonance of
sphere with a refractive index=1.45 surrounded by air is order n is indicate byM!, (E!), wherel=1 corresponds to the

shown in Fig. 7, as a function of sphere diamdterizontal  ground tone and highdr correspond to overtones. No data were
axis) and the position within the sphefgertical axig. The calculated in the cross-hatched region for diametes nm.
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TABLE |. Measured and calculated decay rates fot'Edoped SiQ sampleg0.2 at % EJ. Results are
given for a 100-nm-thick Si@layer and for 340-nm-diam spherical microcavities, both either in contact with
air or an index-matching liquidn(=1.45). As discussed in the text, measurements of the decay rate in a SiO
film as a function of refractive index were first mad&/(). From a comparison with LDOS calculations
W, aq@andW, o ragwere then determined for the film. The radiative rate of Er in bulk,$¥@s then determined
to be 54 5. Next, from the measured decay rate of the index-matched spheres, the nonradiative decay rate
in the colloids was foun¢47 s 1). From this the radiative decay rate of the colloids in air was fo@acs ™).
The calculated radiative rate in the colloig s %) was derived from a local LDOS calculation combined
with the bulk radiative rate of 5478,

Sample CalCU|ateWrad Wexp (57 1) Wrad (57 1) Wnonrad (57 1) QE

SiO, layer (n=1.00) 69 184 69 115 37%
SiO, layer (n=1.45) 90 205 90 115 44%
340-nm spherer(=1.00) 40 69 22 47 32%
340-nm spherer(=1.45) 54 101 54 a7 53%

diameter, which can be compared to the position of Mie resothe table, a large difference in the nonradiative rates exists
nances or normal modes of the sphere. The positions of theg®tween the spheres and the layer. Since the Er concentration
resonances are indicated on the top axis. The magfe¢ic- is 0.2 at. % in both cases, this implies that the nonradiative
tric) resonance is labeled Ms'n(E'n), wheren corresponds to  processes that occur in our samples depend on material prop-
the order of the resonancke=1 corresponds to the ground erties other than the Er concentration only. One possibility is
tone of a resonance, while higheindicate the overtones.  a difference in the concentration efOH quenchers incor-

By comparing the position of the maxima in Fig(iidi-  porated in the Si@material that act as centers for nonradi-
cated by the black dotswith the position of the normal ative decay[9,42). In this model, the large difference in
modes, we find that the maxima in the LDOS correspond tquencher concentration can be explained by a difference in
the position of the electric-type resonances. Depending OBnnealing behavior between a sphere and a thin film.
the Order of the resonance, the maXimum in the LDOS oc- F|na”y we note that in our ana'ysis we have assumed
curs in the center of the sphere or more towards the perimsingle isolated spheres. This greatly facilitates the calculation
eter of the sphere. As can be seen in Fig. 7, the decay rate gf the LDOS since the different polarizations can be treated
ions placed inside a sphere can be enhanced or inhibitegbparately. In reality, the spheres are touching and deposited
depending on both the sphere diameter and the position @fn a substrate, which affects the calculated LO@%, and a
the ions within the sphere. full vector calculation of the Maxwell equations is needed.

The Er-doped Si@spheres considered in this paper havesince the error on the experimentally derived radiative decay
a diameter of 340 nm, which corresponds to a size parameteste in the SiQ colloids is rather large, we were unable to
that lies below the size parameter of the lowéslgnetié  ohserve a significant difference between the measured data
normal mode of the sphere. As can be seen in Fig. 7, thgnd calculations of the LDOS for an isolated sphere. Since
LDOS is a slowly varying function of the sphere diameter inoyr experiments were done on relatively small spheres com-
this size range. Assuming a bulk radiative ra¢,=54  pared to the emission wavelength, the effect of neighboring
+10s%, the calculation predicts a radiative decay rate in thespheres is expected to be limited. For larger spheres, where
range of (35-40y 10s* depending on the distribution of resonances are expected, the effect of the surroundings is
the Er ions within the sphere. Within the errors, these Va|Ue§)(pected to be more pronounced' effecti\/e|y Spo"ing the
agree with the experimentally observed value of 22resonances observed in Fig. 7.
+15s 1. For small spheres, the electric field in close prox-
imity to the sphere is enhanced due to a strong dipolar con-
tribution. The LDOS scales witE?, and thus strongly en- IV. CONCLUSIONS
hances the LDOS for small spherg&l]. Since local field
effects will become important for small spheres as well, we The radiative decay rate for £r implanted at a well-

did not perform calculations for spheres that are mucltdefined position in a Sigxhin film was determined by bring-
smaller than those used in the experiment, corresponding fag it into contact with liquids of different refractive index in
the hatched area in Fig. 7. the range between 1.33 and 1.57. The decay rate was found

The measured and calculated decay rates for the Sido increase with refractive index, an effect that is explained
layer and the 340-nm spheres are summarized in Table |. THey a change in the local optical density of states at the posi-
quantum efficiency, defined as the ratio of the radiative ratdion of the EF* ions in the film. Radiative and nonradiative
and the total decay rate, is also indicated in Table I. Both focomponents in the decay were separated and the radiative
the film and the sphere, the quantum efficiency increases fatecay rate for Er in bulk SiPwas determined to be 54
increasing index, because of the increased relative contribuz 10s .
tion of radiative decay to the total decay. As can be seen in The LDOS for spherical Si© microcavities was cal-
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culated for various radii of the sphere. Depending on thelained by the calculated increase of the LDOS for a single
sphere radius and the position of the Er ions in the spherespherical microcavity.

the radiative decay rate can either be enhanced or inhibited

compared to the decay rate in bulk S$i@ full determina- ACKNOWLEDGMENTS

tion of the LDOS as a function of sphere diameter revealed pjr \pssen is gratefully acknowledged for the synthesis
that the maxima in the LDOS correspond to the electric-typgf the colloidal spheres and Sj@ayers. The authors would
resonances of the spherical microcavity. _also like to thank Adriaan Tip, Stefan Scheel, and Ad La-

The experimentally obtained value for the decay rate ingendijk for stimulating discussions. This work is part of the
bulk SiO, was used to compare decay rates measured faksearch program of the Foundation for Fundamental Re-
Erf" implanted in 340-nm-diam SiQcolloidal spheres. By search on MattefFOM) and was made possible by financial
index-matching the spheres, a large increase in decay rageipport from the Dutch Foundation of Scientific Research
from 69 to 101 5! was observed. The increase can be ex{NWO).

[1] P. Goy, J. M. Raimond, M. Gross, and S. Haroche, Phys. ReV[.24] L. Knoll, S. Scheel, and D.-G. WelscED in Dispersing and

Lett. 50, 1903(1983. Absorbing Mediain Coherence and Statistics of Photons and
[2] R. G. Hulet, E. S. Hilfer, and D. Kleppner, Phys. Rev. L&8, Atoms edited by J. Péna (Wiley, New York, 2001.

2137(1985. [25] L. H. Slooff, M. J. A. de Dood, A. van Blaaderen, and A.
[3] M. Suzuki, H. Yokoyama, S. D. Brorson, and E. P. Ippen, Polman, Appl. Phys. LetZ6, 3682(2000.

Appl. Phys. Lett58, 998(1991). [26] A. Polman, J. Appl. Phys32, 1 (1997).

[4] A. M. Vredenberg, N. E. J. Hunt, E. F. Schubert, D. C. Jacob-[27] A. P. Philipse and A. J. Vrij, J. Chem. Phys0, 5634(1987.
son, J. M. Poate, and G. J. Zydzik, Phys. Rev. L&lt. 517 [28] G. H. Bogush, M. A. Tracy, and C. F. Zukoski IV, J. Non-
(1993. Cryst. Solids104, 95 (1988.

[5] M. D. Tocci, M. Scalora, M. J. Bloemer, J. P. Dowling, and C [29] A. van Blaaderen, J. van Geest, and A. Vrij, J. Colloid Inter-

face Sci.2, 481(1992.
M. Bowden, Phys. Rev. A3, 2799(1996. ’ .
(6] G. L. J.A. Rikkt)aln Phys. Rev. 51(490?3(1995. [30] S.-L. Chen, P. Dong, G.-H. Yang, and J.-J. Yang, J. Colloid

Interface Scil89 268(1997).
[7]1 R. M. Amos and W. L. B_arnes, Phys. Rev.38, 7249(199). [31] D. L. J. Vossen, M. J. A. de Dood, T. van Dillen, T. Zijlstra, E.
[8] K. H. Drexhage, J. Luminl-2, 693(1970.

van der Drift, A. Polman, and A. van Blaaderen, Adv. Mater.

[9] E. Snoeks, A. Lagendijk, and A. Polman, Phys. Rev. L&. 12, 1434(2000.
2459(1995. [32] A. Polman, D. C. Jacobson, D. J. Eaglesham, R. C. Kistler, and
[10] T. M. Hensen, M. J. A. de Dood, and A. Polman, J. Appl. Phys. J. M. Poate, J. Appl. Phyg0, 3778(1991).

88, 5142(2000. [33] This assumption can be justified by an analysis of measured
[11] A. J. Campillo, J. D. Eversole, and H.-B. Lin, Phys. Rev. Lett. changes in the radiative decay rate of Er ions in sodalime
67, 437(199). silicate glass incorporated at two different depi®l compa-

[12] H.-B. Lin, J. D. Eversole, C. D. Merritt, and A. J. Campillo, rable to the depth scales in our experiments. In these experi-
Phys. Rev. Ad5, 6756(1992. ments, the changes in lifetime were fully described by changes

[13] B. Y. Tong, P. K. John, Y. Zhu, Y. S. Liu, S. K. Wong, and W. in the LDOS.
R. Ware, J. Opt. Soc. Am. RO, 356 (1993. [34] Using spectroscopic ellipsometry measurements, we found that

[14] J. Martorell and N. M. Lawandy, Phys. Rev. Le@5, 1877 indices at 1.5um are typically 0.01-0.02 lower both for SiO
(1990. and the liquids.

[15] E. P. Petrov, V. N. Bogomolov, I. I. Kalosha, and S. V. [35] W. J. Miniscalco, J. Lightwave Technd, 234 (1991).
Gaponenko, Phys. Rev. Le&l, 77 (1998. [36] G. Stein and E. Wizberg, J. Chem. Phy§2, 208 (1975.

[16] M. Megens, J. E. G. J. Wijnhoven, A. Lagendijk, and W. L. [37] V. L. Ermolaev and E. B. Sveshnikova, Russ. Chem. R&y.
Vos, Phys. Rev. A9, 4727(1999. 905 (19949).

[17] R. Sprik, B. A. van Tiggelen, and A. Lagendijk, Europhys. [38] A. Tip, J. Math. Phys38, 3545(1997).
Lett. 35, 265(1996. [39] D. S. JonesAcoustic and Electromagnetic Waugxford Uni-

[18] R. J. Glauber and M. Lewenstein, Phys. Rev3\467(1991). versity Press, Oxford, 1986

[19] A. Tip, Phys. Rev. A56, 5022(1997). [40] M. S. Tomas Phys. Rev. A51, 2545(1995.

[20] K. Khosravi and R. Loudon, Proc. R. Soc. London, Se438, [41] The LDOS enhancement close to the sphere surface is given
337 (199). by 1+6(ss—ep)/(est&p), with eg andey, the dielectric con-

[21] H. Khosravi and R. Loudon, Proc. R. Soc. London, Set36, stant of the sphere and host, respectively; see, for instance, J.
373(1992. D. Jackson,Classical ElectrodynamicgWiley, New York,

[22] H. P. Urbach and G. L. J. A. Rikken, Phys. Rev5& 3913 1975.
(1998. [42] H. C. Chow and R. C. Powell, Phys. Rev.28, 3785(1980.

[23] A. Moroz, Europhys. Lett46, 419(1999. [43] P. A. Bobbert and J. Vlieger, Physical87, 209 (1986.

033807-7



