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We propose a general theoretical scheme for the investigation of light emitted from nano- and
micrometric structures of arbitrary shape and composition. More specifically, the proposed fully
three-dimensional approach allows to derive the light-intensity distributions around the emitting
structures and their modifications in the presence of nearby scattering objects. Our analysis allows
to better identify the nontrivial relationship between near-field images and fluorescent objects.
© 2003 American Institute of Physic§DOI: 10.1063/1.1608483

Recent continuous progress in scanning near-field miwant to investigate, i.e., the spectrally resolved energy den-
croscopy together with the development of adequate nangity Z(r,w) corresponding to the electric field at pointthis
fabrication techniques has enhanced our insight into the fieldan be defined as:
distributions in the proximity of nano- and microstructured
matenals._Thls _|nS|_ght is of great relevar_1ce for the design of ﬂ(éf(r,w) B (r0)=1(r,0)8(w-o'), (1)
future optical circuitry able to process light with the versa- 2
tility of electronic chips. These developments have stimu-
lated more refined theoretical approaches as well as simul
tion strategies for the analysis of light propagation in
complex structures and have renewed the interest in the cla
sical theory of light scatteriny? Indeed, theoretical predic-

tions are essential for the design of photonic structures abl : o
: . ield operator at a given positive frequency can be regarded
to control the propagation of light. As a matter of fact, most . - . i
as the sum of scattering and emission contributons:

of the theoretical investigations performed so far focus onx ~ L ~ . .

the scattering of incidentglJight iIIunlzinating structures of non—q.?(r’w) - Es(r,0) +Ee (r,0). The first term descnbes'

trivial shape&® or study light modes in photonic crystals and light coming from free-space and scattered by the material

microcavities' However, optical circuitry, besides passive el- system, ..,

ements controlling/manipulating the flow of photons, require

active components able to emit and/or amplify light. This, in

turn, opens relevant questions concerning the emission pat- o =, P ,

terns of active mesoscopic systems: Which is the actual field —k fG(r,r )x(r',)Eq (r',0)dr’, (2)

distribution around emitting structures? How does the inter- N

action with nearby scattering objects modify the field distri-Wherek=w/c, the free-space electric-field operatef de-

bution? What kind of relationship between near-field imagescribes input light, angg=e — 1 is the susceptibility function

and fluorescent objects holds? of the material systenithat we have assumed to be a local
The aim of this letter is to provide a general theoreticaland scalar function to avoid complication@nd G is the

framework for the evaluation of the field distributions in the field Green tensor®We stress that nonlocality and/or anisot-

proximity of three-dimensiona3D) mesoscopic fluorescent opy can also be implementédThe second ternt, de-

objects in the presence of nearby scattering structures. THEribes light emitted by the material system itself, i.e.,

proposed quantum theory of light emission can be applied to

a great variety of nanostructured optically active materials as E;(r,w)= i wMof G(r,r’,w)j(r’,w)dr’, (3)

mesoscopic dielectric objects uniformly doped with optically

active moleculege.g., dye moleculgsor embedding semi- \yhere the integration is performed over the volume of the

conducto_r dots or layers able to emit light when apPropri-seattering system and, denotes the magnetic permeability
ately excited. _ , _ of vacuum. Here, the quantum noise operatprare the

As a starting point, let us consider the key quantity Wegq rces of spontaneous light emission. These zero-mean op-
erators can be derived from the Heisenberg—Langevin equa-
dElectronic mail: pieruccini@me.cnr.it tions for the material systétrand are present only if the

vhere E*(r,w) is the electric-field operator corresponding

o the positive frequencw (it can be expanded in terms of
g_hoton destruction operatorand E~(r,w) is its Hermitian
conjugate. Our theoretical approach is based on the Green’s
tensor technique in the frequency domamThe electric

E;(r,w)=f53(r,w)
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susceptibility tensor describing the material system has an
imaginary part; they are a direct consequence of the
fluctuation—dissipation theorem.

It is easy to verify that the intensity of the emitted light
(E.E}) is directly related to the correlation function of
guantum noise current$j’-j). In order to calculate it ex-
plicitly we adopt a simple two-level molecular model to de-
scribe the dielectric function of the scattering system,

N(r)ezfab Na(r)_ Nb(r)
m80 a)o—w-l-l'y

)

X(r,0)=xs(r)+ : 4
whereys is the real susceptibility of the scattering system in
the absence of active moleculdg, is the oscillator strength
associated to the transitigmelated to the associate dipole
momentd by f,,=2womd? (%€?)], N gives the density of
active molecules, anN,y,) indicates the population densities
of the (a) upper andb) _Iower levels. This S|mple model C_an FIG. 1. (a) Overall field intensityZ(r,w), in an observation plane 112.5 nm
be easily extended to include non-random molecular orientaabove the substrate, emitted Xat-600 nm from the structure, and partial
tions, more energy levels and molecular species. Also mor@tensitiesZ(r,w): (b) Z, (¢) Z,, (d) Z,. The same intensity range has
complex models describing, e.g., semiconductor dielectri%e.en chosen for the representation of the last three p@®ithat a given

. 5 b dopted. By adopting thi del d fol rightness matches the same intensity fo). dlhe intensity interval of the
funqmns’ can be a Op €d. By adopting this model and 10l-f;rs panel has been duly compressed for clarity of the figure.
lowing Ref. 5, we obtain

ot R w? extension in the other two dimensions of about 450
i (re)jp(r'w))= ﬁ?—lm[x(r,w)] %380 nm and lies on a flat substrate of uniform dielectric
0 constant ofeg=2.5. In principle the emitting system can be

XN(r) &y o(r=r")é(o—w"), excited by current injection or by optical excitation at fre-

(5) guencies higher than the emission frequency. In order to bet-

ter focus on the emission properties, in the following we

with the population factorN(r)=Na(r)/[Np(r)—Na(r)].  assume uniform excitation leading to uniform population
Presently, our main interest is the case where input photongensities. The effect of nonuniform excitation at higher en-
are absenfi.e., (E, (r,w)-Eq (r,0'))=0]. In this case we ergies by far-field illumination can also be taken into account

obtainZ(r, ) = 2, Z;(r, ») with within the present approach. In this case the population fac-
7 KA tor N(r) will be proportional (in the linear regimg to
(rhw)=—=— re'(r',w)|Gy (r,r,w)|?2dr’.  &'(r,0¢)|Es(r,0s)|? whereEs is the field originating from
I( )2772 N(r')e'(r’,w)|Gy (11", w)|*dr’ '(r,we) |[Eo(r,we)|?, whereE; is the field originating f
|/

far-field illumination[see Eq.(2)], and w, is the excitation
©) frequency. Figure (B) displaysZ(x,y,z,w) in the proximity
We observe that population densities in principle are affectedf the emitting object in an observation plane located at
by light emission, thus Eq(6) should be solved self- =52.5nm above the top surface of the structiire., 112.5
consistently together with the rate equations for the populanm above the substrateThe Green tensor is computed by
tions. However, in many caséfar from the laser threshold  solving numerically a discretization of the Dyson equation.
population densities are poorly affected by light emissionCalculations have been made Y& 27c/w=600 nm. The
and propagation, being fixed by external pumping. We als@mission pattern reproduces almost perfectly the object
observe that Eq(6) has a structure analogous to the corre-shape and both the bleached region and the metallic pad can
sponding equation describing emission from thermabe clearly distinguished. The vector character of the emitted
sources.® light is shown in Figs. tb)—1(d), where the partial intensities
To assess the power and versatility of the proposed,(r,w) (i.e., the intensities that can be detected by a probe
scheme, we investigate the field-intensity distribution aroundhble to select light polarizatigrare displayed. In spite of the
a fluorescent low-symmetry nanostructured system. We corisotropic and uncorrelated character of the source currents,
sider an overall emitting 3D object consisting of a pair of the three intensity distributions strongly differ one from each
quavers. The pad on the right is made of sifand the rest other. We observe that onl§, reproduces quite well the
of the structure has relative dielectric constant eof 4 object shapgexcept the metallic pad of coupseBesides,
+0.2 with the exception of a small bleached square on thdrom inspection of Figs. () and 1d), a rather complex in-
top region[see outline in Fig. ()] with dielectric function tensity pattern can be observed around the metallic pad. This
e=4. The adopted value of the imaginary part of the dielecnonuniform pattern, mainly polarized along thaxis, can be
tric function is typical for organic dye molecules distributed attributed to the excitation of multipolar modes by the inco-
with quite high density° In particular[see Eq.(4)], Im y' herent light originating from the nearby fluorescent
=0.2 corresponds, e.g., to a distribution of active moleculestructure!*
with density N~ 1=10 nn?, oscillator strength ,,=0.03 at Figure 2 shows the differences in contrast, resolution,
detuning wo— w)/wy=0.02,(w is the emission frequengy and light confinement between fluorescence and scattering
The whole structure has a uniform thickness of 60 nm, amear-field patterns. The latter has been obtained with a
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FIG. 2. (a) Intensity amplitud¢E|? in the same observation plane of Fig. 1,
and at the same wavelength, resulting from illumination by-@olarized
plane wave atr/4 incidence(the projection of the incident wave vector on
thexy plane k; , is also indicated The dielectric and geometric features of
the structure are reported in the tégéee also Fig. )L (b) The field-intensity
distribution emittedfluorescenceby the same structuisee also Fig. (),
where the structure is outlingd

-polarization excitation incident at/4 from above the sub-

strate. Besides the fact that scattering completely ignores th !

Pieruccini et al.

vidual emitters is first squared and then summed up, whereas
scattered light intensitysee Eq.(2)] is obtained by the re-
versed procedure.

We have proposed a general theoretical scheme for the
investigation of light emitted from nano- and micrometric
structures of arbitrary shape and composition. We showed
that the shape of the object is relevant in the polarization
properties of the emission pattern. In particular we have
found an enhancement of taecomponent of the field emit-
ted by incoherent, nonpolarized sources distributed substan-
tially in the xy plane. The presented numerical results pro-
vide useful guidelines for the interpretation of near-field
photoluminescence spectroscopy/microscopy measurements.
Moreover this theoretical and numerical scheme can be ap-
plied to the design of photonic systems combining active and
passive structures.

The authors thank Omar Di Stefano for stimulating
scussions.
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