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ABSTRACT: -

Optical localization in strongly disordered %k\m dia is an attractive topic for proposing novel cavity-
like structures. Light interference can rﬂiz\andom modes confined within small volumes, whose spatial

distribution in the near-field is predict show hot spots at the nanoscale. However, these near-field
speckles have not yet been experi Westigated, due to the lack of a high spatial resolution imaging
techniques. Here, we study a system Where the disorder is induced by random drilling air holes in a GaAs
suspended membrane wi nal InAs quantum dots. We perform deep-subwavelength near-field
experiments in the telec indow'to directly image the spatial distribution of the electric field intensity of
disordered-induced logalized optical modes. We retrieve near-field speckle patterns that extend over few
micrometers and?o e{erall/single speckles of the order of A/10 size. The results are compared with

numerical calculations and recent findings in the literature of disordered media. Notably, the hot spots
of random mo sﬁneif}ukdin proximity of the air holes of the disordered system.
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"RODUCTION:

inlectric disordered materials are ubiquitous in nature, ranging from marble to clouds and fog, up to
biological tissues. The description of light behavior inside them has been a long-standing subject in optics
[1]. In disordered media, light undergoes multiple scattering, relevant not only to basic physics but also for
technological applications [2]. The stimulated emission in the multiple light scattering regime has opened
the field of random lasers [3-6]. For photovoltaic applications, a disordered distribution of air holes was
proved to improve the absorption of thin-film [7]. Since light does not lose its cdherence while undergoing
elastic scattering, it interferes producing speckle patterns, consisting of a cafmplex collection of dark and
bright electric field intensity spots. This effect blurs any direct vision threugh asdisordered dielectric
medium, but by acquiring the far-field speckle pattern and using adaptive phése masks it is possible to
retrieve images through opaque layers [8]. Generally speaking, wheneyer 'th-e_photon mean free path is
small enough, multiple scattering suppresses light propagation, producing_lotalized modes inside the
disordered dielectric medium [9,10]. Localization in disordered média is'an interference effect, thus it can
be observed also for electrons, for which indeed the concept Qf Anderson localization was originally
introduced [11,12]. Localization of light has been discussed in 'many di_so'rdered photonic systems, and it is
characterized by modes with a high level of spatial confinement and long lifetimes inside the sample. In
three dimensional systems, the realization of localized jmodes is extremely challenging [1,9,10]. Indeed,
many recent reports, which aim at studying, enginegring~and taking advantage of disordered localized
modes, have focused on one or two-dimensional systems _[13-15]. Besides the huge impact of Anderson
localization in basic physics, the concept of spatially. localized modes in a strongly disordered photonic
structure has triggered the exploitation of disordé'r'ed__s&stemls to enhance light matter interaction [16] and
to open new quantum electrodynamic scenariosﬂ__[l?]. ;
All these predictions of light localization share a é?)mmon feature: the mode amplitude has hot spots within
the confinement volume, which are a direét manife_s'tation of interference in the near-field. The confined
modes show amplitude modulation frémibright to dark, which resemble the well-known speckle patterns in
the far-field scattering from any, disordered media [18]. Hereafter, we will exploit this similarity by
denominating the hot spots localized at the nanoscale as near-field speckles. These speckles can be found
also on the surface of disordered samples that do not localize light [19-21]. The study of the correlation
length of the near-field speckles.allowed for extracting some characteristics of the bulk samples, as the
refractive index [19], or d'iscrimina't:ling between materials with different internal microscopic structures
[21]. still the direct observation _Qf;near-field speckles of a strongly localized optical state in disordered
photonic system hasfnot been reported to date. In addition, the spatial distribution of near-field speckles
localized in air of in dieleetric regions is fundamental for application of random modes. Theoretical
predictions in the.THz region for random air holes in dielectric membranes stated that random transverse-
electric (TE) modes have near-field speckles localized inside the air holes, contrary to transverse-magnetic
(TM) mode$, which are mainly localized in the dielectric media [22].

RESUiT AND DISCUSSION:

In thi'§‘letter, We address the near field imaging of isolated photonic modes localized in a strongly scattering
gisordered«medium. In particular, we investigate a photonic structure of disordered air pores realized on a
i’li_gh refractive index semiconductor slab, where the randomness in the pore position is solely limited by
theirfinite size. The sample under study is fabricated on a 320 nm thick GaAs suspended membrane of

N\ 25 pm x 25 um size. Electron beam lithography and reactive ion etching are used to pattern the membrane

with nominally identical air holes (diameter 220 nm) giving an overall filling fraction of 30%. Finally, wet
e'EEhing of the bottom AlGaAs sacrificial layer is used to release the membrane. We designed the position of
the holes by a random sequential addition generator [15], and we imposed a minimum distance (1.3 hole
diameters) between the centers of the nearest neighboring holes in order to avoid merging between
adjacent holes during the fabrication process. Therefore, even though the sample is not fully random,
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P -eafter we will use the denomination random system/random modes both to stress the maximum

ublishin gf
ictical randomness of our realization and to distinguish our sample from disordered media with higher
spatial correlation [23]. This system has previously demonstrated to support localized modes in the telecom
wavelength range, which is relevant for photonic applications [15,24]. We use the emission of embedded
quantum dots (QDs) to pump the randomly generated modes. In fact, three layers of high-density
(300 pm~2) InAs QDs were grown in the middle of the membrane by molecular beam epitaxy.
In order to check the spatial distribution of the random modes we employ a neag*field illumination, which is
crucial to map strongly localized light. Then, we exploit the local perturbat[' duced by the dielectric
near-field probe, which results in a spectral tuning of the photonic modesjste.retri the random modes
distributions with a deep-subwavelength spatial resolution [25,26]. :éerimental apparatus is a
commercial near-field optical microscope (SNOM), TwinSNOM, Omicro chnology GmbH, Germany.
The QDs are excited through a dielectric near-field tip with a 780 laser at a power equal to 60
UW. The photoluminescence (PL) signal is collected through the s ispersed by a spectrometer and
detected by an InGaAs array. The high QDs density guarantees homogeneous emission in a broad
spectral range, from 1.10 um to 1.35 um, all over the'sampleq Then, the observation of nearly
monochromatic bright spots by measuring the map of the-PL , be )irectly related to the presence of a
localized mode, which increases the QD radiative rate. B\Q(:’;su ing the PL intensity at each tip position we
obtain hyperspectral imaging of the photonic ran %with a combined spatial and spectral

resolution of 250 nm and 0.1 nm for the optical s;%nj!x.w &rvely In addition, SNOM experiments also

provide morphological information on the samp ce (with a spatial resolution better than 50 nm) via
hich allows a precise alignment between the
r to achieve a high fidelity and direct mapping of
at the same time to increase the spatial resolution of
imaging technique [25]. The experimental optical maps
hibit near-field speckles with size of about 100 nm. The
domains (FDTD) simulations, leading to a nice agreement
and demonstrating the speckles co on around the scattering centers. In the simulations, the system
is excited by pulsed point like dipoles (insthe spectral range 1.1-1.4 um) with in plane polarization placed in
the middle of the GaAs m rane in order to reproduce the real system, which is excited by the PL signal
of InAs quantum dots self-a ‘r’r?t:% in the middle of the suspended membrane.

the mechanical feedback signal of the shear-
optical signal and the positions of the scatter
the electric field intensity of the random fnades a
the measurement, we exploit the perturb
demonstrate that individual random
results are compared to 3D finite
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Figure 1. (a) Schematics of the experimental setup in illumination/collection through the near-field probe. SEM image
\Q}the s suspended membrane with disordered scatterers, where QDs are represented by red dots in the middle of
tHe “membrane. The near-field probe interacts with a random localized mode inside the disordered media
presented in a blue to red color scale) and collects the light that leaks out. (b)-(c) Near-field spectra reported in
semi-log scale collected in two different positions of the sample surface (black lines). The peaks corresponding to the
optical random modes are superimposed to the QDs broadband emission (red area) evaluated as the mean spectrum
acquired in the whole SNOM scan.
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PUb|IShInE ~ig. 1 (a), we report the SEM image of the sample along with the schematics of the mode distribution and

the near-field probe on top of a random localized mode. The tip raster scans the sample surface and
collects the PL point by point. Typical spectra are reported in a semi-log scale in Fig. 1 (b)-(c) (black lines) for
two generic positions and compared to the mean spectra of the entire scan (red curves), which represent
the PL of the internal QDs. The two broad bands that are centered around 1320 nm and 1220 nm,
corresponding to the emission from the ground state and the first excited state of the InAs QDs,
respectively. In the single spectra, sharp resonances, related to the electromagnetic modes of the system,
are clearly observed. The modes corresponding to these sharp resonances exténd over few micrometers in
the slab plane, covering few scattering elements, and they are spectrally spafse over the full emission range
of the QDs, with quality factor ranging from 200 to 400. The estimated dénsity |s around 3 modes per um?,
denoting that the investigated sample is inducing many disordered Iocal__i\zed"m_gdes. Still due to the large
spectral range under investigation, we find that the resonances can.be §pegtré|ly isolated, assuring that
these modes fulfill the Thouless criterion for the localized regime 42]. Other statistical analysis, such as the
probability density function gives the same conclusion [15]. Le,t’sl"stress that our near-field approach
directly shows that the observed resonances are spatially confined, whic"h is an evident and unambiguous
proof that, in the investigated wavelength range, the sample supports localized photonic modes. Therefore,
within the near-field approach a statistical analysis is not mandatory for concluding if the sample is in the
confined of in the diffusive regime. This agrees with the claim repbrted in Ref. [18], based on the similarity
of far-field speckle patterns obtained with differenf excitation configuration, that it is possible to
discriminate between a localized and a diffusive sample JUSt considering a single realization of disorder
without performing further statistical analysis. .
For each confined modes we reconstruct the,Pt mé'p by evaluating the signal collected by the SNOM
apparatus at a fixed wavelength as a functiop of Sosi:tion. Generally, the maps show several spots that arise
from different and spectrally overlapping lgcalized modes. A map of an intense and spectrally isolated
mode is reported in Fig. 2 (a). Although by analyzing the PL maps may lead to a statistical analysis, since it
concerns many random modes, it jis qmté complrcated to use them for addressing the near-field speckle of
an individual mode. In order to achieve this goal, we perform a mode analysis by fitting each PL spectral
peak with Lorentzian lineshapes. The peak amplltude provides a PL intensity map, as reported in Fig. 2 (b),
where the map is superimpésed‘to the sample morphology. The mode is localized in a few microns but the
250 nm resolution of our; d'iel.e__ctric t'gp does not allow us to isolate near-field speckles, leading to a measure
of the mode envelope®nly. In ordef to overcome this limitation, we use the dielectric tip perturbation as a
tool to image the mc;de__‘_electric field intensity distribution. In fact, it is known that the presence of a
dielectric perturbgtien on the photonic resonator modifies the resonant wavelength of the confined mode
producing a red.shift 25-27]. This spectral shift has been proved to be more pronounced if the
perturbation acts in‘the po'sitions where the localized mode has a maximum electric field intensity, i.e. the
tip induced speéfral__shift is directly proportional to the mode electric field intensity. Therefore, this effect
has been“argely used'in photonic cavities either to exploit them as a sensor or to use the shift as a direct
measure«of the lo€al electric field intensity [27-29]. In Fig. 2 (c) we show near-field spectra acquired on
threé,_,giifferen_t points, labelled as A, B and C in Fig. 2 (b).
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Figure 2. (a) PL near-field intensity map of the sample evaluated at w %2 2 nm, where a clear peak
d to'the

emerges in some of the acquired spectra. The optical map is superimp image of the sample. (b) PL
amplitude map for the mode evaluated in (a), obtained by fittin thg spectra with a Lorentzian lineshape. It is
superimposed to the topography reconstructed by the SNOM microscope. The scale bar in both (a) and (b) is 1 um. (c)
Near-field spectra (scattered circles) collected in the positions A, B and C labelled in (b). The lines are the Lorentzian
fits of the data. The vertical dashed lines highlight the peak wavelength e spectra B and C, denoting a spectral
shift AL = 0.50 nm. ‘)

a siza sﬂ‘ettral shift, which between the positions B
and Cis AA = 0.50 nm. Since the induced maximum shift is inversely proportional to the mode volume, a
meaningful shift is also a confirmation of the m%qga ume of localized modes in random systems on
slab. In addition, since the proportionality bet mh'h:mde shift and the mode electric field intensity at
the position of the nanometric perturbati he S tip) is an exact result, the perturbation imaging is a
more sensitive and high fidelity tool t retr‘u\bh\.\mode electric field intensity. Moreover, the resolution
in perturbation imaging is generally “increased with respect to the PL imaging [25,28]. All these
considerations lead us to exploit/the SXQL shift for a direct mapping of individual localized random
modes. Figure 3 (a) shows a three rSﬂa&sq,nal plot of the spatial distribution of the experimental electric
field intensity of a mode centered at 1 nm. The map is obtained by reporting, at every tip location, the
spectral position of the made. Inside the envelope of the mode we observe a complex pattern of near-field
speckles with typical di around 100 nm. In Fig. 3 (b) is reported the FDTD calculation of the electric
field intensity of a t
nominally, correszﬁds theﬂesign of the investigated sample. The intensity profile is obtained after
calculation time |
reported. Alt a quantitative comparison between the mode distribution of Fig. 3 (a) and 3 (b) is
Us‘iiﬁlity of this analysis, due to the unintentional disorder introduced during the

Indeed, besides a variation in intensity, they sho

max

min

Figure 3. (a) Three-dimensional map of the spectral shift of a peak which wavelength is around 1338 nm, showing the
near-field speckle patterns of a localized random mode. (b) Three-dimensional distribution of the electric field
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tensity of a mode evaluated by FDTD calculation in a medium with the same design characteristics of the
Publlshmg . o .
)rerimentally investigated sample. The scale baris 1 um.

Intuitively, the electric field of random modes, depending on their quasi-TE or quasi-TM nature and on the
scatterers nature (air holes in a dielectric slab, or dielectric pillars in air), should result prevalently confined
either in the dielectric regions or in the air ones [22,30,31]. Notably, for circular air holes etched in high
refractive-index materials the quasi-TE modes appear more efficiently confinéd,in the air regions [22]. In
order to get a quantitative comparison between the experiment and the theoﬂry we' study where the quasi-
TE random modes are more efficiently confined. We estimated the average |nten5|ty of'the electric field in

Js. E2dv '
the different region by Iy = Sl IS— where i = Air or i = Die for the"ai_r and-dielectric regions both in
N Tot . &
I .
the experimental data and in the FDTD simulations and we quantify_the- mode concentration by R = [A—”
Die

.Through FDTD simulations in regions of 3x3 um?’ size we mvestlgated 11 localized random modes with
emission ranging from 1.15 pm to 1.40 um; two of them are reported _in Figure 4. As expected [22], these
modes are mainly trapped in the air-holes, where they gxhibit R'=(2.3 + 0.2), that is an average electric
field intensity in the air-region more than twice time largec.than the one found in the dielectric-region. On
the other hand, the near-field PL experiments allow: s to correlate optical near-field maps with
morphological information recorded during the hyperspectral scanning. We draw the attention on two
random modes whose wavelength is about 12:72-\nm""a.r1d 1338 nm. The experimental two-dimensional
spectral-shift maps of the two random modés are.given in Fig. 4 (a) and 4 (b), respectively, evaluated by
Lorentzian lineshape fitting. These maps are suE“éri_mposéd to the topography maps. They show near-field
speckle patterns exhibiting hot spots with'fgllwidtﬁ at half maximum of the order of 100 nm, and tightly
localized in close proximity of the air pores, They exhibit R =(1.9 £ 0.3) in agreement with the value
obtained by FDTD. In Fig. 4 (c) and 4 ('d-)_'We réﬁort the electric field intensity distributions calculated by
FDTD for two modes whose peak Wa_‘VeI:en'gthé' are in the range of the experimental ones, using the nominal
design hole pattern. The maps are 'Su.péfimposed to the design of the sample. They show near-field-
speckles in close proximitysofithe air p\ore scattering centres. This feature is shown in more detail in
Fig. 4 (e)-(f), where we réport they line profile cuts of the experimental map of Fig.4 (b) and of the
theoretical map of Fig 4 (d), respectlvely The optical speckles are found in correspondence with the hole
positions. The FDTD galeulated speckles are also inside the photonic pores, particularly in close proximity to
the internal hole surfacéé‘ Therefore, the outcomes of the SNOM experiments related to the size and
localization of the nea- fleld speckles of the random modes accurately reproduced the theoretical
predictions.
It could be questnoned whether the localization in the air pores represents a limitation for the exploitation
of randod localization in optoelectronic devices, due to the reduction of the overlap between the mode
electrlc fleld and the emitters/absorbers. Naturally, the localization in air is a limitation for devices based
on emltters or absorbers integrated inside the slab. For example, if the goal is increasing the absorption of
silicon thin- -film solar cells, a geometry that confines light mainly in the dielectric regions is preferable [7].
At the sametime near-field hot spots localized in air are required for hybrid solution in Si photonics, where
the emitters/absorbers such as carbon nanotubes, need to be integrated on top of the photonic structure
- in“the air region [32]. Similarly, in view of photonic sensors, a localization of random modes in the air
régicn is required for increasing the sensitivity [29]. Our results point out for a detailed theoretical study
'(q_ut of the scope of this letter) concerning the role of the disordered design in localizing the electric field in
air or dielectric regions.
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Figure 4. (a)-(b) Spectral shift (AA) maps obtaine Mg the peak position by Lorentzian fits, for the modes
centered around 1272 nm and 1338 nm, respectiv (c)-(d) Electric field intensity maps obtained by FDTD
calculations, for the modes centered arou 72nm and 1338 nm, respectively. The scale bar is 1um.

(black triangles) reported in (b). (f) Norma rofiles of the FDTD calculated electric field intensity map (red

(e) Normalized line profiles of the experi al spectral shift map (red dots) and of the experimental topography map
%
dots) and of the dielectric design em in the calculation (black triangles) reported in d).

In conclusion, we imaged tbe near:field speckle pattern of photonic modes strongly localized in disordered
medium suspendedfon “membrane. We exploited the quantum dot photoluminescence for performing
perturbation imax ith -subwavelength spatial resolution, which allows for a direct mapping of the

ity of'the random modes. They extend over 1-2 um, exhibiting single near-field speckles
:blvavelengths around 1300 nm. The hot spot speckles, in agreement with theoretical

ongly localized in the inner edges of the scattering centers, for all the investigated
indings demonstrate that disordered systems can build up localized photonic modes
exhibj ing, s pﬁatial non-uniformity with very small spatial features. This lay the grounds for the

electric field in

explaitation dom localization in optoelectronic devices like more efficient silicon thin-film solar cells
[7], ra asers [33] and sensors [34].
-_—
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