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Radiative and guided wave emission of Ef* atoms located in planar multidielectric structures
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Spontaneous emission of erbium atoms implanted in various planar multidielectric stacks is investigated.
Computational and experimental analyses are performed so as to assess the amount of light leaking into the
radiative and the guided modes of the structures. The key point is the demonstration of the dominant emission
into the guided modes, even though the atoms are implanted in the spacer of a resonant microcavity structure.
The result is of practical interest since it challenges the conventional idea about the electromagnetic confine-
ment, which is likely to be reached within planar microcavit{&1050-294{®7)07702-(

PACS numbg(s): 42.50.Lc, 42.50.Ct, 42.55f, 42.60—v

It is now common knowledge that the radiation patternsubstrate and are of prime interest when the substrate is made
and the spontaneous emission rate of atomic sources depeafiglass[6]. In this case, complete knowledge of the amount
on the structure of the vacuum-field modes surrounding thef light relaxed into the GM is necessary to compute accu-
atom[1]. This structure can be modified by appropriate elecrately that atomic lifetime. In this respect, recently, we have
tromagnetic boundary conditions, and during the last decadgwedicted theoretically that the spontaneous emission into
this has been the subject of intense investigati®jsEx-  these GM could be much stronger than that into the FRM
perimental demonstrations on atomic spontaneous emissiga0]. The present paper reports an experimental confirmation
control have been reported in the microwd3¢ and in the  of those predictions.
infrared frequency rangp4]. The optical domain has been For this, we present a detailed investigation of the spon-
investigated using dye molecules near a single m{sdlor  taneous emission properties of erbium atoms located in vari-
more recently in optical microcavitig$]. ous planar dielectric structures coated on glass substrate. As

In this paper, we shall be primarily concerned with planarmentioned before, our structures support discrete GM and, in
dielectric structures since it has been an open question fahat respect, differ fromi8]. In particular, we provide a dem-
applications whether the cavity has to confine the waves instration of the emission into the GM, and compare this
all three dimensions, or if a simpler planar structure can sufpower with the power emitted into the FRM of the structures.
fice. In the prior works, which have determined the radiationThe results shed light on the striking limitation of the single-
patterns of sources confined in planar microcavities, a lot ofnode vacuum confinement expected for this type of planar
attention has been paid to the emission into the travelingmicrocavity, and are closely related to the inefficiency of
wave modes, which can escape the structures. These runnitigpse planar structures in inducing any significant lifetime
modes called the full radiative modéBRM) are of prime  modification, as reported previoudlg1].
interest for applications, with a view to developing a highly  Before reporting experimental results, let us describe the
directional emission normal to the structure’s plane. Thereapparatus we have developéHig. 1). The spontaneous
fore, the radiation pattern in the infrared domain has beememission of the green transitidh,=532 nm) between the
investigated and good agreement with the theoretical prediexcited manifold*S;,, and the ground manifol#l ;5, of EF*
tions has been publishdd]. Furthermore, demonstration of atoms implanted inside dielectric multilayers is investigated
a measurable change of spontaneous emission lifetime efnder the excitation provided by the =488 nm line of a cw
Er* atoms due to cavity length variation in a Si-Si€avity ~ Ar* laser. The pump beam is focused on the sample, exciting
has been reportel®] and confirmed by computatidi®]. In  a 0.3-mm-diameter spot on the active side. A charge-coupled
this case, although leaky waveguide modes are includedievice(CCD) camera with a 50-mm focal length lens is con-
only the emission into the FRM is concerned since the renected to a personal computer, which performs a digital im-
fractive index of the outer media is larger than or equal toage processing, and displays the intensity relaxed by the Er
that used to make the distributed Bragg reflect@8R). atoms in every directiord. Furthermore, a 550-nm cutoff
Nevertheless, because of the experimental difficulties assodiilter (Shott OQ and a narrow-band interference filter cen-
ated with their detection, little attention has been paid to thaered on\, are set between the samples and the camera to
emission into the discrete guided wave mode#) of pla- isolate the erbium photoluminescence signal. This first ex-
nar structures, which exist when the refractive index of theperimental configuration is designed to get the FRM radia-
outer media is lower than that used to make the DBR. Thes#on pattern from the air side. Let us specify that throughout
discrete GM exhibit evanescent waves in the air and in thehis paper, the emission “from the air side” and “from the

substrate side” will denote, respectively, the emission in the

upper and lower outer mediaee Fig. 1 In order to obtain
*FAX: (33) 04 91 28 80 67. the amount of light emitted into the GM, a decoupling prism
TFAX: (33) 04 72 43 11 30. (SITiO,) is placed against the sample 2 mm away from the
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FIG. 2. SamplesA&), (B), and (C).
FIG. 1. Experimental apparatus.

(A=532 nm,ny=2.27;n =1.48. Here again, the Er con-
excited atomgsee Fig. 1 The prism movements are con- centration peak is located 27 nm under the film-air interface.
trolled manually in the horizontal and vertical directions with Sample C) is a Fabry-Peot-type microcavity structure
an accuracy of Jum. This smart mechanical apparatus al-coated on BK7 glass. Its structure idLHLHL 2H
lows a precise control of the air gap between the sample andHLHLH and its quality factor is given b@=\,/AN=40.
the prism, and performs a 100% decoupling efficieft®]. = This sample has been manufactured in two steps; first a
Note that this important property has been tested experimersample identical to sampleBj has been coated and im-
tally in previous works using coupling and decoupling planted, secondly, another coating process has been per-
prisms[13]. The CCD camera can rotate around the prism’sformed.
edge, giving for each anglé¢' associated with a guided di- The computation of the power emitted by an implanted
rection the amount of light that is relaxed into this particularmicrocavity into the FRM and the GM requires the determi-
GM. In addition, a polarizer is placed between the prism andhation of three key features of the microstructuf®) the
the camera to separate transverse ele€tfty and transverse repartition profile of active erbium atoms in the sta(X;the
magnetic(TM) modes when they are decoupled at closeset of FRM;(3) the set of GM. We present first these com-
angles. putational steps for sampléA}f in order to clarify this ap-

All the layers considered here are made of tantalum penproach to the problertsee Fig. 3. Experimental results will
toxyde (Ta,05) and silicon dioxyddSiO,), respectively, for  be presented in parallel to illustrate the calculations.
high (H) and low () refractive index materials. These ma-  The erbium profile in TgO; is determined by using the
terials are deposited on fused silica or on BK7 substrates bin implantation softwarerRorFILECODE[14]. In Fig. 4a) the
ion plating in a Balzers BAP 800 pladeposition rate: 0.2 roughly Gaussian-shaped repartition of erbium atoms is rep-
nm/s, plasma voltage: 70 V, plasma current: 52 A, pressureesented as a function of depth.
of O,: 1.5x10 % h P3. Before coating, samples are cleaned
by a standard four-step cleaning procedure.

Erbium implantation is performed in the J@ material
using a DF4 Varian. Er ions are extracted from a Frieeman

ion source fed with ErCl powder. The implantation fluence is \ )/

Implanted
Pump ion profile]

4.2x10% ions/cnt and the energy is 300 keV. This leads to
an Er peak concentration of 6407 ions/cn?. Postimplan-
tation thermal annealing is carried out on the samples at Lincar dipole density R ey e
400 °C during 1 h.

Figure 2 gives a schematic representation of the three 2
samples considered in that work, and the position of the Er
concentration peakdashed lingis specified. SampleA) is Decoupling
a tantalum pentoxid€Ta,Oz) single layer whose optical -

thickness is B;/4 (\;=632.8 nm,ny=2.23. It is deposited /

on a fused silica substrate and the Er concentration peak lies

27 nm under the film-air interface. SamplB)(is a half- Radiation paten
microcavity structure coated on BK7 glass. Its structure is i ower + Guided power
HLHLHL 2H, whereH andL stand, respectively, for a high

and low refractive index layer whose optical thicknesks,ig FIG. 3. Calculation chart.
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Fig. 4(c)]. This linear dipole density acts as a single delocal-
0.050- ized dipole, emitting the total powé?, when located in the

bulk material[10]. In the following calculations, this delo-
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FIG. 4. (@) Erbium implantation profile(b) Normalized pump 0100
beam intensity.(c) Linear dipole density[Sample &)—pump:
6nc=55° incoming from the substrate sidle. 0.080

As the pump field TE polarization state\ ,=488 nn) is
modulated within the film, atoms are not equally excited.
Pump field modulations are calculated assuming a plane
wave of unit amplitude incoming on the air side or on the
substrate side of the sta¢epending on experimental con- Kt ooz
ditions). Figure 4b) exhibits the computed electric field pro- '
file obtained for a TE polarized pump beam incoming on
sample A) on the substrate side under an incident direction
of 6,,.=55°.

Thus, multiplying the Er profile of sampleA] [see Fig. FIG. 6. Emitted power in TE modes as a function of atomic
4(a)] by the pump field profile of Fig. @), we can get the position. [Sample A)—pump: 6,,:=23° incoming from the sub-
linear dipole density(z), which satisfies ,p(z)dz=1 [see strate sidd.
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TABLE I. Angular aperture at half-maximum intensity for theoretical and experimental radiation patterns.

Theoretical values Experimental values
Sample &) (B) (®) (A) (B) (©)
Oine’ 55° 50° 50° 55° 50° 50°
P pump 1au. 1au. 1au. 294 mwW 6 mw 2.5 mwW
A& 65° 38° 14° 50° 36° 21°

calized dipole is considered as a three-dimensional dipole an atom located 120 nm under the air-film interface emits
is usually the case for erbium atoms located in amorphousoughly the same power in both TEO and TE1 modes, while
host material§15]. Note that if the incidence angle of the it has no significant contribution in the TE2 mode. More
pump varies, so does the linear dipole denfli§]. precisely, the amount of power emitted in each GM is ob-
Then, as demonstrated 0], spontaneous emission in tained by multiplying the power curves given in Fig. 6 by the
planar multidielectric structures can be calculated using inear dipole density(z). In addition, the comparison with

complete set of orthogonal and normalized modes. It ineyperimental data requires one to multiply the calculated

cludes a continuous spectrum of radiation modes, which i5,ers by the angular transmittance of the prism-air inter-
composed of FRM and substrate modes, and a discrete spgg:q corresponding to each GM direction.

trum of. GM. Calculation and orthonormaliza.tion of those On the whole, Fig. 7 presents the theoretit@pen bar
modes is p(_ar_formed fox,=532 nm corresponding to the Er and experimental resultblack baj for sample £) concern-
green transition. . . - g
) ' . . ing the power emitted by the atoms in the various GM. Ex-

Let us consider first the power emitted into the FRM from _~. . .
the air side. Figure &) shows the computed power emitted pgrlmental d_ata have F’e?” normalized in °Fd?r to compare
by a single dipole for every directiof (in the range 0, 89° with calculations. The incident _pump_beam is incoming on
and for every location of the dipole in the depth of samplen® Iayoer on the substrate side with an incident angle
(A). In this respect, it appears that at normal incidefge 6.c=23°. Note that the large black error.bars repre;gnt the
=0°) four positions correspond to a maximum of emissionMmeasurements we have performed for different pos[uons of
(0.015 P,), and four contribute to a minimur(0.006 Py). the laser spot on the sample. They reflect a relative inhomo-
Furthermore, for each atomic position the emitted power degeneity of the photoluminescence probably due to the ion
creases with the increasing outgoing angleAdding the — implantation process. In spite of these experimental difficul-
various contributions of the linear dipole densjifz), we ties, orders of magnitude are in good agreement with the
can construct the radiation pattern in a plane perpendicular ttheory. Moreover, TE1 and TE2 guided powers are the stron-
the sample. Figure(b) presents the theoretical resultdn-  gest as expected in theory. Note that TM2 power is not re-
tinuous ling and the experimental dat@pen squanere-  ported on the graph because of mechanical limitations of the
corded with our apparatus. Note quite good agreement besetup.
tween the curves: maximum of intensity in the normal Additionally, in order to sharpen our investigation, we
direction, aperture angle at half maximum intensisee  want to focus our attention on the ratR=Pgy/Prry,
Table ), and an extinction angle of approximately 70°. wherePrgy and Pg,, are, respectively, the powers emitted

New and more interesting results concern the power emitin the FRM and in the GM that are actually accessible with
ted by the atoms in the various GM. Samphg) (Supports six  our experimental apparatus. Considering the power emitted
guided modegthree for each polarization stateFigure 6 in the five GM and the power emitted in the FRM from the
gives the computed emitted power in the various TE guidedir side, one findsR,,,=38 whereas computation gives
modes versus the dipole location in the stack. For exampler, =33 (6,,,=23°; see Table )| This striking result shows

that most of the power is relaxed into the GM in this simple

1000 S S S S S SR single-layer structure. As the power emitted into the FRM is
White: theory .
Black: experiment lower, we have increased the pump power to enhance the
400 photoluminescence signal. As a result, we have exploited the

linear dependence of the spontaneous emission power versus

the pump powef17] to compare the GM and FRM measure-
——ses 586 = ments.

- Similar investigationdGM and FRM radiation patterns,

400 - ——389 -
TABLE II. Experimental and theoretical ratiB=Pgy/Prru,
where Pgy and Pgry are respectively the guided and radiative

600 -

200 ~—— g7

Emitted power in the mode [units of P, (107 W)]

powers, which are experimentally accessible.
—=101
O ™ e T v T Twn Sample f) (B) (©)
FIG. 7. Experimental and theoretical guided powers for TEO,Theoretical ratioR 33 11 15

TE1, TE2, TMO, and TM1 mode$Sample A)—pump: 6,.=23°

Experimental ratidR 38 7 16
incoming from the substrate side.
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FIG. 8. () Sample B): experimental and theoretical radiative yo g hstrate sidk(b) Sample C): experimental and theoretical
patterns.(b) Sample C): experimental and theoretical radiative guided power for TEO and TMO modd®ump: 4,,.=50° incoming
patterns[Pump: 6,,,=50° incoming from the air sidé. from the substrate sid.

R rat_lo) are presentgd now for sampleB)(and (C). \.Ne' GM field intensities. The good agreement between the mea-
consider first the emission into the FRM from the air S|de.Sureol and computed emitted powers in the GM is presented
The theqretical(continuous ling and the measureéb_pen on Figs. 98 and gb). Table Il gives theR ratio for the
fgurzrge%'g%r%rns;ims?;rgﬂgsg%)acvig)tﬁée’ Lenfpet::etle\l/rilyi’s various samples considered. In all cases, the agreement be-
incpomin on the a?r éide of the samples Wgh —F5)0° Ex- tween computations and experimental measurements is good,
; 9 : P c o~ E showing that most of the power is emitted into the guided
perimental shapes are in good agreement with theory forrnodes of the structure
both samples. The radiative emission of atoms located in In conclusion. we .have investigated the spontaneous
?‘;Eglei Cklelzss rtrrlw(()ere'}[h(itr)erg?i\é; tgﬁg I;s:;?ﬁlezgg aer;?ur(z)én | emission of erbium atoms located in various planar dielectric
9 X : : €d ap _ANY%&Fructures coated on a low refractive index glass substrate.
A6 corresponding to half-maximum intensity in the radlatlonAnalysis has been performed for the FRM and we have pro-
patterns. Not repor.ted on normallged F'g.$b)5 8(a), and vided the first evidence of the spontaneous emission in the
8(b) is the intensity in normal direction, which appears to beGM which are confined and propagate within the stack. Ex-
:gglgt ;r?qoegrgtfgnweorr}g?rs;?; sla@n;%tgr(]t?;nsf&(l)r;s?er%r;lﬁge perimental results are in good agreement with theoretical cal-
9 P amp culations, and we have demonstrated that a large amount of
the pump power in Table) Th_ese results illustrate _clearly light leaks into the guided modes of the structures. While
the resonant effect .Of the' microcavity. They conf_lrm thatpostponing a detailed theoretical investigation of this process
photqlumlne_scence IS spatlal[y affected by Fhe. cavity Stru.cfhrough the study of radiative lifetimes, these results point
ture, in particular: the more pinched the radiation pattern ISout a striking limitation in the single-mode confinement ex-
the higher the emitted intensity in normal direction. : . o
Consider now the GM. Sample®) and (C) support, pected for this type of planar microcavities.

respectively, 5 and 9 GM. The emission into these various The authors thank Gard Albrand for fabricating the
GM is predicted and detected to be dominant in the TEO andoatings. The DRETDirection des Recherches, Etudes et
TE1 modes for sampleB) and in the TEO and TMO modes Techniques—French Ministry of Defensand the CNRS

for sample C). This can be simply explained if we consider (Centre National de la Recherche Scientifighave spon-
the overlapping integral between the atoms and the differergored this research.
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