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strategy is simultaneously leveraging the 
photoluminescence (PL) emission[1,2] and 
flexible fabrication of photonic nano-/mes-
ostructures in PSi[4,7] for emerging inte-
grated nanophotonic devices. However, 
such a strategy has been hampered by the 
low quantum efficiency and relatively poor 
stability of PL in PSi nanostructures.[1,2,8] 
An alternative strategy is leveraging the 
intrinsic material porosity to couple high-
efficiency light-emitting guest nanomate-
rials with PSi-based nanophotonic devices 
to gain novel optical features and improve 
optical performance.

Thanks to its versatile, robust, and high-
yield modulation of refractive index and 
unique nano/mesoporous structure,[9,10] 
PSi permits facile fabrication of photonic 
devices, in particular of microcavities 
(MCs), and easy introduction of guest 
emitters. Recently, oxidized porous silicon 
(PSiO2) has been employed for the fabri-
cation of a number of advanced photonic 
devices, such as 3D poly(dimethylsiloxane) 
(PDMS) lenses incorporating 1D photonic 
crystal components,[11] and 2D/3D gra-
dient refractive index optical elements.[4,12] 
Further, infiltration of PSi with a number 

of nanomaterials has been carried out to take advantage of the 
peculiar properties of luminescent guest materials when con-
fined within silicon-based photonic structures with character-
istic length down to the meso-to-nanoscale.[11,13,14]

Porous silicon (PSi) is a promising material for future integrated nanopho-
tonics when coupled with guest emitters, still facing challenges in terms of 
homogenous distribution and nanometric thickness of the emitter coating 
within the silicon nanostructure. Herein, it is shown that the nanopore 
surface of a porous silicon oxide (PSiO2) microcavity (MC) can be con-
formally coated with a uniform nm-thick layer of a cationic light-emitting 
polyelectrolyte, e.g., poly(allylamine hydrochloride) labeled with Rhodamine 
B (PAH-RhoB), leveraging the self-tuned electrostatic interaction of the 
positively-charged PAH-RhoB polymer and negatively-charged PSiO2 surface. 
It is found that the emission of PAH-RhoB in the PSiO2 MC is enhanced 
(≈2.5×) and narrowed (≈30×) at the resonant wavelength, compared with that 
of PAH-RhoB in a non-resonant PSiO2 reference structure. The time-resolved 
photoluminescence analysis highlights a shortening (≈20%) of the PAH-RhoB 
emission lifetime in the PSiO2 MC at the resonance versus off-resonance 
wavelengths, and with respect to the reference structure, thereby proving a 
significant variation of the radiative decay rate. Remarkably, an experimental 
Purcell factor Fp = 2.82 is achieved. This is further confirmed by the enhance-
ment of the photoluminescence quantum yield of the PAH-RhoB in the PSiO2 
MC with respect to the reference structure. Application of the electrostatic 
nanoassembling approach to other emitting dyes, nanomaterials, and nano-
photonic systems is envisaged.
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1. Introduction

Porous silicon (PSi) is recognized as a powerful supplement 
in future silicon-based integrated nanophotonics.[1–7] An ideal 
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Several research groups have reported on the use of mono-
lithic and hybrid PSi-based MCs for controlling the sponta-
neous emission (SE) of emitters, by pore impregnation with 
dyes[15] or functionalization with rare-earth ions,[16,17] direct or 
indirect thin-film deposition of quantum dots (QDs),[7,18] and 
direct one-step infiltration of conjugated polymers[19,20] and 
QDs.[21] Remarkably, we have recently achieved low-threshold 
blue lasing from poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) 
confined within PSiO2 MCs.[22] The direct/indirect thin-film 
deposition approach relies on a complex multi-step fabrica-
tion of hybrid PSi MCs exploiting QD thin films deposited 
between the two PSi-based distributed Bragg reflectors (DBRs) 
as the cavity layer. This approach fails to provide precise control 
over thickness and uniformity of the cavity layer embedding 
the guest emitter, which eventually results in a sub-optimal 
coupling of the emitters within the cavity. On the other hand, 
impregnation, functionalization, and direct one-step infiltration 
strategies of monolithic PSi MCs do not allow precise control 
of thickness and distribution of the guest materials deposited 
within the pores with depth. This results in uneven pore filling/
coating and emitter aggregation within the porous scaffold, 
which leads to detrimental energy-transfer between emitters 
and optical scattering/losses and, in turn, to a poor manipula-
tion of the emitter luminescence.

To address these issues, we propose a facile and general 
strategy called electrostatic nanoassembling for the robust and 
precise deposition of emitters in nano-mesostructured PSi and, 
in turn, for the effective PL manipulation of the emitters inte-
grated within PSi-based MCs. To the best of our knowledge, 
there are no reports on the manipulation of the emission of 
fluorophores deposited via electrostatic nanoassembling within 
PSi/PSiO2 MCs.

The electrostatic nanoassembling is a pervasive method for 
the conformal surface coating of substrates with polymers, 
colloids, biomolecules, and cells, which offers superior con-
trol and versatility with respect to other thin-film deposition 
methods, especially on micro and nanostructured surfaces.[23] 
Over the past 20 years, it has been successfully employed for 
many different applications, from separation science[24] to drug 
delivery,[25] from biomedicine[26] to biosensing,[27–30] leveraging 
the electrostatic interaction of oppositely charged nanomaterials 
(e.g., polyelectrolytes, proteins, nanobeads) and surfaces. The 
electrically-induced self-regulation of the thickness of single 
and multilayer films achieved with this approach results in a  
superior homogeneity and reproducibility of the coating pro-
cess. This is particularly important for nanostructured materials 
with high aspect ratio (e.g., nanopores) for which constrained 
diffusion of molecules and evaporation of solvents might lead 
to a non-uniform surface coating.[29,31,32]

In this work, we leverage the electrostatic assembling of a 
nanometer-thick coating of a Rhodamine-labeled cationic poly-
electrolyte, namely, poly(allylamine hydrochloride) labeled with 
Rhodamine B (PAH-RhoB), within the inner surface of a mono-
lithic PSiO2 MC. An enhancing (≈2.5×) and narrowing (≈30×) of 
the RhoB emission (FWHM = 1.5 nm and Q = 392) at the MC 
resonance wavelength is achieved, with respect to that of RhoB 
coated via electrostatic assembling in a non-resonant PSiO2 ref-
erence structure. The time-resolved photoluminescence anal-
ysis further highlights a shortening (≈20%) of the Rhodamine 

B emission lifetime within the PSiO2 MC, with respect to that 
of the reference structure, confirming an increased SE rate 
through the Purcell effect (Fp ≈ 2.82) due to a redistribution of 
the photonic density of state (DOS) of the PAH-RhoB emission 
in the MC. This is further confirmed by the enhancement of 
the photoluminescence quantum yield in the PSiO2 MC with 
respect to the reference structure. Remarkably, the electrostatic 
nanoassembling of RhoB improves reliability and uniformity of 
the PSiO2 MC coating process with respect to the direct infiltra-
tion of RhoB/PAH blend, thanks to the self-tuned nanometric 
thickness of the coated PAH-RhoB layer. This minimizes 
detuning of the cavity optical features strengthening, in turn, 
modulation of the PAH-RhoB emission with respect to control 
PSiO2 MCs coated withRhoB/PAH blend (FWHM = 4 nm and 
Q = 100) using common direct infiltration.

2. Results and Discussion

Preparation and electrostatic coating of PSiO2 MCs with a 
RhoB-labeled nanometer-thick cationic polyelectrolyte were 
obtained as sketched in Figure 1a. We prepared a monolithic PSi 
microcavity with thickness of ≈10 µm through an electrochem-
ical etching of crystalline silicon (Figure 1a-i). The microcavity 
consisted of a low porosity half-wavelength defect sandwiched 
between two distributed Bragg reflectors (DBRs) made of a 
series of quarter-wavelength high/low porosity bi-layers. The as-
made PSi MC was thermally oxidized to convert silicon to SiO2 
(Figure  1a-ii), so as to achieve a porous silicon oxide micro-
cavity with a hydrophilic, negatively-charged surface. The PSiO2 
MC still maintained the integrity of the nanopore framework, 
enhancing the chemical stability in water-based solutions[28] and 
reducing the optical absorption losses in the visible region.[6,14]

A red-emitting fluorophore, namely, Rhodamine B (RhoB), 
was covalently bound to a positively-charged polyelectrolyte, 
namely, poly(allylamine hydrochloride) (PAH), with a binding 
ratio 1:145, that is, one molecule of RhoB every 145 monomers 
of PAH (Figure  1b). The PAH-RhoB polyelectrolyte was solu-
bilized in water and drop cast onto the PSiO2 MC to achieve 
spontaneous infiltration of the nanopores with the polyelec-
trolyte solution (Figure  1a-iii). Rinsing in deionized water and 
ethanol eliminated the excess of polyelectrolyte within the 
pore volume, leaving a nanometer-thick (i.e., 1.76 ± 0.17 nm, as 
measured on a SiO2/Si substrate) monolayer of the positively-
charged PAH-RhoB polyelectrolyte anchored to the negatively-
charged inner SiO2 surface of the nanopores by electrostatic 
forces[33] (Figure 1a-iv).

A PSiO2 layer with constant porosity coated with the same 
PAH-RhoB polyelectrolyte via electrostatic nanoassembling 
was then prepared and used as a non-resonant reference struc-
ture. Thickness and porosity of such a PSiO2 reference struc-
ture were set equal to those (average values) of the PSiO2 MC. 
Furthermore, a PSiO2 MC coated with a PAH/RhoB blend by 
direct infiltration was also prepared to investigate the potential 
advantages of the electrostatic nanoassembling technique with 
respect to a standard approach.

Figure  1c,e and Figure S1a, Supporting Information, show 
scanning electron microscopy (SEM) top-view and cross-section 
images of an as-made PSi MC with 20 high/low porosity 
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quarter-wavelength bi-layers integrated on top and bottom of 
a (low porosity) half-wavelength defect layer. The square-wave 
modulation of the porosity and, in turn, of the refractive index 
of the material along the direction perpendicular to the silicon 
surface is apparent in Figure  1e, where darker and brighter 
alternating layers indicate high and low porosity layers, respec-
tively, that is low (≈1.5 refractive index units, RIU at 588  nm) 
and high (≈2 RIU at 588 nm) refractive index regions. The inset 
in Figure  1c,e shows a detail of the defect layer of the cavity, 
also highlighting the different pore morphology and size of 
high and low porosity layers, namely, straight pores with ≈85 
and ≈6 nm diameters, respectively. Size and distribution of the 

pores in the high and low porosity layers of the PSi MC can 
be better appreciated from top-view images in Figure S1a, Sup-
porting Information, from which a Gaussian distribution of 
the pores is achieved, centered at ≈85 and ≈6 nm, respectively 
(Figure S1c,d, Supporting Information). The morphology, size, 
and distribution of the pores in the PSi reference structure are 
shown in Figure 1d,f and Figure S1b,e, Supporting Information, 
where cylindrical pores with average size of ≈60 nm are visible.

To check the homogeneity of the pore coating with the 
PAH-RhoB polyelectrolyte over depth, the cross-section of 
coated PSiO2 MC and reference structures was investigated by 
fluorescence microscopy. Figure  1g,h shows fluorescence and 
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Figure 1. Electrostatic nanoassembling of fluorophores covalently-bound to a cationic polyelectrolyte (PAH-RhoB) within PSiO2 MCs. a) Sketch of the 
main technological steps for the preparation of the PSiO2 MC coated with PAH-RhoB via electrostatic nanoassembling: i) preparation of a PSi MC 
via silicon electrochemical etching; ii) thermal oxidation; iii) infiltration of the PSiO2 MC with a positively charged PAH-RhoB solution, and; iv) water 
and ethanol rinsing to achieve an nm-thick PAH-RhoB coating. b) Chemical structure of the PAH-RhoB light-emitting polyelectrolyte employed for the 
electrostatic nanoassembling. c,d) Top-view SEM images of the high/low porosity bi-layer of the as-made PSi MC (c) and constant porosity layer of the 
PSi reference structure (d). Insets show higher magnification images of the PSi structure. e,f) Cross-section SEM images of the as-made PSi MC (e) 
and reference structure (f). Insets show higher magnification images of the PSi structure. g,h) Fluorescence and bright-field microscope images of the 
cross-section of the PSiO2 MC (g) and reference (h) structures coated with a monolayer of PAH-RhoB.
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bright-field optical microscope images of the cross-section of 
PSiO2 MC and reference structures coated with the PAH-RhoB 
polyelectrolyte, respectively. A bright and uniform red emission 
is observed for both the PSiO2 structures, confirming that the 
pores are coated with the PAH-RhoB polyelectrolyte over their 
full depth in spite of their small diameter, which reduces down 
to 6  nm for the low porosity/high refractive index layer, and 
high aspect ratio (>100). A local change of the emission inten-
sity in correspondence of defect layer of the cavity is appreci-
able in Figure 1g for the PSiO2 MC.

To extend our insight into the optical quality of the prepared 
PSiO2 MC we acquired reflectance spectra at each preparation 
step (namely, as-made, after oxidation, and after electrostatic 
coating) (Figure 2a). The reflectance spectra of the PSiO2 MC 
were then compared to those acquired on the non-resonant 
PSiO2 reference structure (Figure 2b). The as-made PSi MC fea-
tures a high-reflectance region (99% to 100%) with FWHM (full-
width at half maximum) of about 145  nm centered at around 
684  nm corresponding to the photonic stopband of the cavity 
(Figure 2a, black line). The reflectance notch corresponding to 
the resonance wavelength of the cavity is not resolved for the 
as-made PSi MC anchored to the native silicon substrate, due 
to the high refractive index contrast and large absorption coef-
ficient of silicon in the visible range. After thermal oxidation 
there is a net blue-shift (100 ± 1 nm) of the stopband (FWHM 
about 84 nm centered at 583 nm), owing to the smaller refrac-
tive index of SiO2 with respect to that of silicon, within which 
a high reflectance (between 98% and 99%) is still retained 

(Figure 2a, red line). The cavity mode appears in the middle of 
the stopband, peaked at 583 nm, thanks to the reduced refrac-
tive index contrast of oxidized high and low porosity layers. The 
Fabry–Pérot interference fringes are now visible below 450 nm, 
where silicon absorption dominated the reflectance spectrum 
of the as-made PSi MC. This is a clear indication that most of 
the silicon in the PSi framework was converted to SiO2.

Once the PAH-RhoB polyelectrolyte is integrated inside the 
PSiO2 MC via electrostatic nanoassembling, the resonance 
wavelength red-shifted by ≈5 ± 1  nm due to the augmented 
effective refractive index of the PSiO2 structure induced by 
the guest material. The resonant wavelength is now centered 
at ≈588 nm and is characterized by a Q factor of 346 (FWHM 
= 1.7  nm). The stopband still exhibits a reflectivity of 98–99% 
over a broad spectral range (565–620 nm) (Figure 2a, blue line) 
enabling a full coverage of the PL spectrum of the PAH-RhoB, 
peaked at 583 nm with an FWHM of 45 nm (Figure S4a, Sup-
porting Information, red solid line). Furthermore, the line-
shape of the reflectance spectrum confirms a uniform coating 
of the MC with the polyelectrolyte throughout the entire porous 
nano-/mesostructure, as neither broadening nor additional 
shoulder are appreciable in the reflectance spectrum.[34] As 
expected, Fabry–Pérot reflectance fringes dominate the reflec-
tance spectrum of the non-resonant PSiO2 reference structure 
at any processing step (Figure 2b).

Theoretical reflectance spectra of the as-made, oxidized, and 
PAH-RhoB coated PSiO2 MC, calculated using the transfer 
matrix method (TMM),[35] are in good agreement with the 
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Figure 2. Photoluminescence modulation in PSiO2 MCs coated with PAH-RhoB via electrostatic nanoassembling. a,b) Reflectance spectra of PSi-based 
MC (a) and reference (b) structures as-made (black lines), oxidized (red lines), and coated with PAH-RhoB (blue lines). c) Reflectance (blue line) and 
PL spectra of PSiO2 MC (red line) and reference (green line) structures coated with PAH-RhoB. d) FWHM and Q-factor values of the emission of RhoB 
in PSiO2 MCs coated with PAH-RhoB via electrostatic nanoassembling versus control PSiO2 MCs infiltrated with PAH/RhoB blend. e,f) Angle-resolved 
PL emission of RhoB in PSiO2 MC (e) and reference (f) structures coated with PAH-RhoB via electrostatic nanoassembling.
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experimental spectra at each fabrication step (Figure S2, Sup-
porting Information). Best-fitting of the experimental spectra 
with theoretical ones provides the amount of residual silicon 
in the structural skeleton and PAH-RhoB coating on the inner 
pore walls of the PSiO2 MC, which we estimated to be around 
0.4% of the SiO2 volume and 4% of the air volume, respec-
tively. This value confirms that the nanopores of the PAH-RhoB  
coated PSiO2 MC are mostly empty (i.e., filled with air), thus 
corroborating the coating of the inner pore surface with a 
nanometer thick polymeric layer, in agreement with the litera-
ture on electrostatic nanoassembling.[36]

We next investigated the confinement effect of the PSiO2 MC 
on the PAH-RhoB emission by comparing the PL spectra of 
PAH-RhoB deposited via electrostatic nanoassembling within 
the cavity and reference structures. Figure  2c shows the PL 
spectra of PAH-RhoB coated PSiO2 MC (red line) and reference 
(green line) structures. To highlight the PL modulation induced 
by the PSiO2 MC, the emission spectra are superposed to the 
reflectance spectrum of the cavity (blue line). The PL spectrum 
of the PAH-RhoB polyelectrolyte is strongly reshaped when 
integrated in the cavity. The RhoB emission at the resonance 
wavelength (λpeak  = 588  nm) is significantly enhanced (2.5×) 
and narrowed (30×, FWHM = 1.5 nm and Q = 392) with respect 
to that of the reference structure, thanks to the effective light 
confinement within the defect mode of the MC. As expected, 
the PAH-RhoB deposited in the non-resonant PSiO2 reference 
structure does not show any significant change of the PL spec-
trum with respect to that of a PAH-RhoB solution (Figure S4a, 
Supporting Information).

We also find a small but measurable increase of the PL 
quantum efficiency of the PAH-RhoB polyelectrolyte in 
the cavity, with respect to the reference structure, namely, 
QMC ≈ 4.5 ± 0.2% and QRef ≈  4.0 ± 0.2%, respectively.

Infiltration of PSiO2 MCs with a PAH/RhoB blend with 
same RhoB concentration as the PAH-RhoB solution was also 
investigated. This allows highigthing the advantages of the elec-
trostatic nanoassembling technique on the manipulation of the 
RhoB emission with respect to the standard direct infiltration 
approach. Higher Q factors and smaller FWHM values (≈3×) 
were achieved for PSiO2 MCs coated with PAH-RhoB by elec-
trostatic nanoassembling, compared to those of cavities infil-
trated with the PAH/RhoB blend that are in agreement with 
typical values reported for PSi-based MCs with direct infiltra-
tion of guest emitters (i.e., FWHM > 6 nm and Q <  100)[19–22] 
(Figure  2d and Figure S3, Supporting Information). Infiltra-
tion of the PAH/RhoB blend does not allow a fine control of 
the thickness of the polymer deposited onto the pore surface 
after solvent evaporation, leading to a spatially-uneven coating 
of the microcavity with the PAH/RhoB blend, especially when 
the pore size reduces down to the nanometer range. This 
strongly affects the line shape of reflectance and emission 
spectra thereby detuning the resonance and worsening the per-
formance of the cavity, as it is apparent in the reflectance/emis-
sion spectra reported in Figure S3d–f, Supporting Information. 
Conversely, the electrostatic coating with the PAH-RhoB poly-
electrolyte results in a conformal nm-thick self-assembled mon-
olayer deposited on the inner surface of the pores,[31,32,37] which 
minimizes architectural changes thereby keeping resonance 
and optical quality of the microcavity as designed (Figure S3a–c,  

Supporting Information). This is also consistent with the 
improved in-sample and sample-to-sample reliability of the 
electrostatic nanoassembly process (Figure S3a–c, Supporting 
Information). A smaller emission intensity (≈3×) of the PAH-
RhoB coated PSiO2 MCs is also observed, compared to those 
coated with the PAH/RhoB blend. This is due to the lower PL 
quantum yield of the PAH-RhoB (5 ±  0.25%, solution) with 
respect to that of the PAH/RhoB blend (28 ± 0.49%, solution), 
with same RhoB concentration (Figure S4a, Supporting Infor-
mation). The lower emission efficiency of RhoB covalently-
bound to PAH can be explained in terms of an inhomogeneous 
distribution of RhoB within the PAH polymer chain, which 
results in RhoB quenching due to intermolecular energy-
transfer,[38] as also confirmed by pump-probe measurements 
(Figure S4b,c, Supporting Information). Specifically, whereas in 
the PAH/RhoB blend solution the stimulated emission signal 
(580 nm) exhibits an initial fast decay due to vibrational cooling 
down to the first excited state (1.8 ps) followed by a slow decay 
(≈2 ns) related to the radiative deactivation to the ground state, 
the PAH-RhoB solution undergoes an additional deactivation 
process (8 ps) that is consistent with an intermolecular energy 
transfer between neighboring RhoB molecules within the PAH 
polymer chain. The higher Q factor (3×) of the PSiO2 cavity 
coated with PAH-RhoB partially compensates for the lower 
emission efficiency of the RhoB covalently-bound to PAH.

The confinement effect of PSiO2 MCs on the emisssion 
of electrostatically coated PAH-RhoB was also confirmed 
through angle-resolved measurements (Figure 2e). As the angle 
increases, the PL emission peak of the RhoB integrated in the 
cavity shifts to lower wavelengths, consistently with the blue-
shift of the resonant mode. As expected, no significant modula-
tion of the emission spectrum is observed when the PAH-RhoB 
polyelectrolyte is integrated in the PSiO2 reference structure 
(Figure 2f).

Preparation of PAH-RhoB coated PSiO2 MCs with reso-
nance wavelength detuned (i.e., ≈620  nm) with respect to the 
emission peak of the RhoB (i.e., ≈580  nm), nicely confirmed 
the results discussed above for tuned cavities (Figure S5, Sup-
porting Information).

We eventually investigated the excited-state lifetime of PAH-
RhoB integrated in the PSiO2 MC and reference structures via 
electrostatic nanoassembling to get further insight into the 
radiative and non-radiative decay kinetics.[39] Time-resolved PL 
measurements were carried out using time-correlated single-
photon counting (TCSPC) technique.[39] Figure  3a–c shows 
time-resolved PL intensity profiles of PSiO2 MC and reference 
structures coated via electrostatic nanoassembling with PAH-
RhoB, measured at the resonant wavelength (CM, λ = 588 nm), 
as well as at the high- and low-energy side stopbands (HSB,  
λ = 570 nm and LSB, λ = 600 nm). The PL decay at the reso-
nant wavelength (λ = 588 nm) of the PSiO2 MC is significantly 
shorter than that of the PSiO2 reference. We were able to fit 
the decay profiles in Figure 3a–c to a bi-exponential function of 
the form = +τ τ− −I t I e I et t( ) 1

/
2

/1 2. Fitting parameters are reported 
in Table  1. The use of a bi-exponential function to fit decay 
curves of emitting guests in solid hosts is well documented 
for a number of emitters including, conjugated polymers,[20,40] 
quantum dots,[41] and also Rhodamine B molecules adsorbed 
via direct infiltration on porous silica nanoparticles prepared by 
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chemical synthesis.[42,43] In the latter, the shorter decay time is 
assigned to the fraction of RhoB molecules that are uniformly 
dispersed in the pores and have weak interaction with the SiO2 
nanostructure surface; the longer decay time is explained in 
terms of stronger interaction of RhoB molecules with the SiO2 
nanostructure surface. This is consistent with the electrostatic 
assembling of RhoB molecules covalently-bound to a PAH poly-
electrolyte on the nanostructured PSiO2 surface. Thickness and 
conformation of polyelectrolytes deposited on a nanostructured 
surface are indeed mainly dependent on the assembling condi-
tions, for a given polyelectrolyte.[44] Herein, the assembling con-
ditions of the PAH-RhoB polyelectrolyte results in a 1.7-nm-thick 
folded polyelectrolyte electrostatically bound to the silica surface, 
in agreement with the literature.[36] Given the labeling degree of 
RhoB (RhoB:PAH = 1:145, ideally 1 RhoB molecule every 20 nm 
of PAH), it is reasonable that the folding of the polyelectrolyte 
deposited on the PSiO2 surface leads to RhoB molecules with 
different distances from the nanostructured surface.

A significant reduction (≈38% for τ1 and 19% for τ2) of both 
short and long exponential decay times of the PAH-RhoB 
coated PSiO2 MC was observed at the resonance wavelength 
λ = 588 nm, with respect to those of the PSiO2 reference struc-
ture (Figure 3a and Table 1), which can be attributed to the 
enhanced radiative rate of RhoB fluorophores in the cavity 
with respect to the reference structure (Table S2 and S3, Sup-
porting Information). These findings support the rearrange-
ment of the photonic DOSs inside the cavity at the resonant 
wavelength, as described by the Fermi’s Golden Rule.[22] The 
redistribution of the DOSs induced by the PSiO2 MC is fur-
ther corroborated by the observation of longer lifetimes at  

wavelengths outside the central defect mode (namely, HSB, 
λ = 570 nm; and LSB, λ = 600 nm), compared to those meas-
ured on the reference structure (Figure 3b,c and Table 1).

Remarkably, the integration of PAH-RhoB within the 
PSiO2 MC results in a PL intensity enhancement of a factor 
≈2.37 (IMC/IRef) at the resonance wavelength, with respect to 
that of the reference structure (Figure  2c). Furthermore, the 
SE rate in the PAH-RhoB coated PSiO2 MC at the resonance 
wavelength compared to that in the PSiO2 reference structure 
is τ τ ≈/ 1.19avg _ Ref avg _ MC  (Table  1). An experimental Purcell 
factor Fp ≈ 2.82 is then achieved at the resonance wavelength 
λ = 588 nm according to the equation:[45,46]

λ
λ
λ

τ λ
τ λ

( ) ( )
( )

( )
( )

=F
I

I
p

MC

Ref

Ref

MC
 

(1)

as the product of the ratios of PL intensity enhancement and 
lifetime reduction between PSiO2 MC and reference structures.

This is in agreement with the observed enhancement of the 
PL decay rates  and radiative and non-radiative rate constants 
(Table S2 and S3, Supporting Information) in the PSiO2 MC 
at resonance wavelength, with respect to the non-resonant 
PSiO2 reference structure, which we assign to the Purcell effect 
(FP > 1).[47]

To further highlight advantages and flexibility of the pro-
posed approach, we investigated the use of a different polyca-
tion (i.e., Polyethyleneimine, PEI) and a different emitter (i.e.,  
Rhodamine 6G, Rho6G) for the coating of PSiO2 MCs via the  
electrostatic nanoassembling technique (Figure S6, Supporting 
Information). PL emission of RhoB and Rho6G covalently bound  
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Table 1. Fitting parameters of time-resolved PL intensity profiles of PSiO2 MC and reference structures coated with PAH-RhoB via electrostatic assem-
bling. PL decay time constants and amplitudes were extracted from best-fitting of the time-resolved PL profiles in Figure 3a–c.

τ1 [ns] τ2 [ns] I1 I2 τavg. [ns]

CM Microcavity 0.74 ± 0.01 2.57 ± 0.01 0.47 ± 0.01 0.53 ± 0.01 2.20 ± 0.01

Reference 1.19 ± 0.01 3.17 ± 0.02 0.50 ± 0.01 0.47 ± 0.01 2.61 ± 0.02

HSB Microcavity 1.36 ± 0.02 3.40 ± 0.03 0.53 ± 0.01 0.45 ± 0.01 2.75 ± 0.03

Reference 1.06 ± 0.01 2.96 ± 0.02 0.53 ± 0.01 0.47 ± 0.01 2.41 ± 0.02

LSB Microcavity 1.72 ± 0.02 4.08 ± 0.06 0.70 ± 0.01 0.31 ± 0.01 2.93 ± 0.05

Reference 1.30 ± 0.01 3.35 ± 0.03 0.56 ± 0.01 0.41 ± 0.01 2.64 ± 0.02

Figure 3. Time-resolved PL intensity of PSiO2 MC and reference structures coated with PAH-RhoB via electrostatic nanoassembling. a,c) Time-resolved 
PL of a) tuned cavity mode peaked at 588 nm, b) detuned high-energy side stopband mode peaked at 570 nm, and c) detuned low-energy side stopband 
mode peaked at 600 nm.
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to PEI is strongly reshaped after electrostatic nanoassembling 
in the PSiO2 cavity (Figure S6g,i, Supporting Information), 
compared to the broad PL emission of thin films (Figure S6a, 
Supporting Information), consistently with the results achieved 
on PSiO2 cavities coated with PAH-RhoB. Similar results were 
also achieved labeling Rho6G to PAH (Figure 1h).

3. Conclusions

The electrostatic nanoassembling of a positively charged 
polyelectrolyte engineered with fluorescent molecules (i.e., 
PAH-RhoB, PEI-RhoB, PAH-Rho6G, PEI-Rho6G) onto the 
negatively charged inner surface of oxidized PSiO2 MCs was 
successfully demonstrated as a robust and effective route to 
manipulate the emission of emitting dyes bound to an nm-
thick polymer film. Despite the probable charge-transfer 
between polyelectrolyte and emitter molecules due to non-
uniform Rhodamine distribution along the polymer chain, the 
electrostatic coating of PSiO2 MCs with PAH-RhoB resulted 
in an outstanding modulation, in terms of FWHM and Q, of 
the emission spectrum of the Rhodamine at the resonance 
mode, as well as in an improved reliability, in terms of thick-
ness and uniformity, of the nanostructure coating with the 
light-emitting polymer, compared to the standard direct infil-
tration of a PAH/RhoB blend. The emission of the nanom-
eter-thick monolayer of PAH-RhoB was strongly confined by 
the size-modulated mesostructured PSiO2 cavity in the out-
of-plane direction, with narrow linewidth (down to 1.5  nm), 
improved PLQY (10% higher than the non-resonant control), 
fast radiative rate at initial decay process (≈0.74 ns), and sensi-
tive angle-resolved emission (up to 40 degrees). Furthermore, 
the PAH-RhoB coated PSiO2 MC sustained an experimental 
Purcell factor Fp of ≈2.82, thus supporting the enhancement of 
the SE rates of the Rhodamine when incorporated into a reso-
nant cavity via electrostatic nanoassembly coating technology.

Remarkably, the electrostatic nanoassembling technology 
is a versatile and flexible coating approach that can be applied 
to diverse polyelectrolytes (both positively and negatively 
charged), emitters, and materials, with no significant differ-
ence in terms of coating performance. In fact, the thickness 
of electrostatically-assembled coatings is self-tuned to a few 
nm per layer regardless of the substrate used, which makes 
the film properties highly controllable and rather independent 
of the substrate. The polyelectrolyte thickness and conforma-
tion on the nanostructured surface and, in turn, the newly 
created film is indeed mainly dependent on the chosen poly-
electrolytes and adsorption conditions, and less dependent on 
the substrate or the substrate charge density.[44] This makes the 
approach very general and suitable for different optical mate-
rials and platforms.

By building on these results, we envisage many emerging 
photonic applications of the electrostatic nanoassembly 
coating technology for introduction of foreign emitters into 
PSi-based photonic nano-/mesostructures, though not lim-
ited to, including ultrasensitive fluorescence-enhanced optical 
nanosensors, nanolasers, exciton-polaritonic devices, spintronic 
devices, and quantum optical devices.

4. Experimental Section

Fabrication of PSi MC and Reference Structures: The PSi photonic nano-/
mesostructures were prepared by anodic etching of highly doped p-type 
silicon (boron-doped, <100>-oriented, resistivity of 0.8–1.2 mΩ cm, 
Siltronix, Inc.) with a solution of HF (48%): EtOH (3:1, v/v) at room-
temperature. A home-made Teflon cell equipped with two electrodes, 
namely, an aluminum disk in contact with the silicon substrate as anode 
and a platinum coil as cathode immersed in the solution, was utilized 
for the electrochemical-etching over a silicon area of 0.567 cm2. The 
etching current density and voltage drop between the silicon sample and 
the cathode were monitored by using a Keithley 2602A SourceMeter. In 
detail, a first PSi sacrificial layer was etched at a constant current density 
of 300 mA cm−2 for 10 s, followed by a dissolution step with a solution 
of NaOH (1 M in DIW):EtOH (9:1, v/v), to avoid formation of a top 
parasitic layer with pores of a few nanometers in diameter that would 
restrict diffusion of molecules and polymers underneath. The as-etched 
silicon samples were thoroughly rinsed with DIW and ethanol before the 
next electrochemical etching of PSi the photonic nano-/mesostructures. 
PSi reference structures were etched with a constant current density of 
150 mA cm−2 for 100 s, with designed thickness of ≈10 µm and porosity 
of 67%. PSi MCs were etched with a square-wave current density 
profile of high current density (300  mA cm−2) and low current density 
(30  mA cm−2) to obtain periodic PSi nano-mesostructured materials 
consist of high porosity layers (74%; namely, low refractive index, nL = 1.5 
at 588 nm) and low porosity layers (59%; namely, high refractive index, 
nH = 2.0 at 588 nm). The PSi MCs were designed with a half-wavelength 
defect sandwiched between quarter-wavelength DBRs with 20 (top) and 
20 (bottom) high/low porosity bi-layers. The optical thickness of both 
high and low porosity layers was modulated by tuning the etching time 
of high and low current density values, so as to ensure that each layer 
was one quarter of the central mode wavelength of the photonic stop-
band of the DBR. The defect layer was etched at 300 or 30 mA cm−2 by 
doubling the etching time of high or low porosity layer of the DBR, so 
as to obtain an optical thickness of half of the central mode wavelength 
of the DBR stop-band. The defect layer with low porosity (namely, high 
refractive index) allowed for better concentration of electromagnetic 
field inside the microcavity. The entire etching procedure resulted in PSi 
MCs with a total thickness of ≈10 µm. The PSi samples were cleaned as 
before described and dried under gentle nitrogen flow. Eventually, the 
samples were thermally oxidized in a muffle furnace (ZB/1, ASAL) at 
750 °C for 3 h with a rump rate of 12 °C min−1 in ambient atmosphere to 
fully convert PSi to PSiO2.

Synthesis of Poly(allylamin hydrochloride) (PAH) and Poly(ethyleneimine) 
(PEI) with Covalently-Bound Rhodamine B (RhoB) and Rhodamine 6G 
(Rho6G): 954  mg Poly(allylamine hydrochloride) of molecular weight 
40 000 g mol−1 was dissolved in 7.5 mL milli-Q water. The pH was set 
to 8 by means of sodium hydroxide solution. 145  mg of Rhodamine 
isothiocyanate mixed isomers (Aldrich) dissolved in 4  mL DMF was 
added to the stirred solution of PAH. The temperature was increased 
to 50 °C and 4 h incubated under stirring. After cooling down, the pH 
was decreased to 6 by HCl and the solution dialyzed with a membrane 
of MWCO 15 000 against milli-Q water for 10 days until Thin Layer 
Chromatography analysis showed absence of free dye. The solution 
was freeze-dried and the label degree determined by measuring  
the absorption intensity of rhodamine at defined polymer concentration 
(MolDye:Molmonomers = 1:145).

For the synthesis of Rho6G labeled polymers, the methyl ester of 1 g 
Rho6G in 10 mL Ethanol was hydrolyzed by adding 20 mL 2 M NaOH 
and keeping it boiling under reflux for 12 h. The ethanol was removed 
by rotation evaporator, the pH set to 6 by HCl. The precipitated free 
acid of Rho6G was washed with water, and purity was controlled by TLC. 
208  mg of the free acid was dissolved in 1.6  mL Dichloroethane and 
313 µl POCl3 was added dropwise. After boiling under reflux for 4 h, the 
solvent was removed by rotation evaporator.

The Rho6G acid chloride was dissolved in 3 mL of tetrahydrofurane 
and diluted until 0.1 M concentration under UV/Vis control.

Adv. Optical Mater. 2021, 2100036
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100 mg Poly(allylamine hydrochloride) or 50 mg poly(ethyleneimine) 
was dissolved in 5 mL  borate buffer pH 9. 420  µL triethylamine, 1  mL 
DMF, and 532 µL of the 0.1 M Rho6G acid chloride solution were added, 
and the mixture was shaken for 1 day at room temperature. The reaction 
mixture was dialyzed for 2 days (MWCO 15 000 D) against pure water. 
After freeze-drying the purity was confirmed by TLC and the label degree 
for PAH-Rho6G determined to 1 dye: 1170 monomer units. For PEI it was 
determined to1 dye: 1956 monomer units.

Preparation of PAH-RhoB, PEI-RhoB, PAH-Rho6G, PEI-Rho6G 
(Covalent), PAH/RhoB (Blend) and Pure RhoB Solutions: Solutions of PAH-
RhoB, PEI-RhoB, PAH-Rho6G, and PEI-Rho6G (1  mg mL−1, covalent) 
were prepared in 10  mM acetate buffer + 100  mM NaCl. For control 
experiments, PAH/RhoB (1  mg mL−1 and 0.034  mg mL−1, blend) and 
pure RhoB (0.034  mg mL−1) solutions with constant PAH/RhoB molar 
ratio as the PAH-RhoB solution, that is, one molecule of RhoB every 145 
monomer of PAH (Mw: ≈40 kDa) were also prepared in acetate buffer.

Electrostatic Nanoassembling of PAH-RhoB, PEI-RhoB, PAH-Rho6G, 
PEI-Rho6G into PSiO2 Structures: The PAH-RhoB, PEI-RhoB, PAH-
Rho6G, PEI-Rho6G solutions (100  µL, 1  mg mL−1) were drop-casted 
onto the top-surface of oxidized PSiO2 MC and reference structures, 
and left incubating for 2 h at room temperature to ensure full infiltration 
of the nanopores with the polymer solution. The samples were then 
abundantly rinsed with DIW and ethanol for 5 min, and gently dried 
under a nitrogen flow. For comparison, PSiO2 MCs were also infiltrated 
with the PAH/RhoB blend solution, following the same procedure.

Materials Characterization: The SEM images were taken using a 
Zeiss ULTRA55 microscope. The bright-field and fluorescent images 
of the cross-section of PSiO2 structures coated via electrostatic 
nanoassembling with PAH-RhoB were captured with a Leica DM2500 
M. The thickness of the PAH-RhoB monolayer deposited via electrostatic 
nanoassembling on a 100-nm-thick SiO2 layer on top of a Si substrate 
was measured (3 samples, 3 points per each sample) by ellipsometry 
(Rudolph Ellipsometer AutoEL II).

Numerical Calculations: The TMM was employed for simulation and 
calculation of theoretical reflectance spectra of PSi-based MCs, using 
a home-made Matlab program. The effective refractive indexes of the 
PSi-based materials were estimated using Bruggemann’s equation, 
iteratively solved with the Newton method.[48] The experimental spectra 
were best fitted with the theoretical ones within the wavelength window 
400 to 900 nm.

Optical Characterizations: Absorption and reflectance spectra were 
recorded with an Ocean Optics spectrometer (HR4000) equipped 
with a fiber-coupled Ocean Optics DH-2000 deuterium-halogen lamp. 
Steady-state PL spectra were acquired by excitation at 520  nm with 
a continuous-wave (C.W.) laser (Thorlabs) and collection of the PL 
spectra (also angle-resolved) with an Ocean Optics spectrometer 
(HR4000). PLQY measurements were carried out by a home-made 
integrating sphere system in combination with a C.W. laser at 560 nm 
(Oxxius) and an Ocean Optics spectrometer (Ocean Optics Maya Pro 
2000). Time-resolved PL measurements were carried out in air and at 
room temperature with a TCSPC spectrometer (LifeSpec II, Edinburgh 
Instruments). Samples were excited at 445 nm with a picosecond pulsed 
diode laser (EPL 445). Ultrafast TA spectra were conducted by using a 
home-built ultrafast fs pump-probe system.[49] Briefly, pump wavelength 
(560 nm, repetition rate 250 kHz) was generated by using a commercial 
optical parametric amplifier (OPA, Coherent 9450). The OPA was 
provided with 50 fs pulses at 800 nm wavelength generated by a mode-
locked Ti:sapphire oscillator (Coherent Micra) in conjunction with a 
regenerative amplifier (Coherent RegA 900). The pump laser beam was 
focused with a 150  mm lens before the sample. As a probe pulse, we 
used a broadband white light supercontinuum generated in sapphire 
plate in the spectral region from 450 to 750 nm.

Supporting Information
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