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and hence to envisaging direct gap HPVKs as promising semi-
conductors for photonic applications. Firstly, they are high-
lighted as very effi cient light emitters, as derived from their 
direct bandgap semiconductor nature and negligible infl uence 
on nonradiative centers that leads to a high photoluminescence 
(PL) quantum yield of ≈70% at room temperature. [ 11 ]  Second, a 
broad variety of HPVK materials can be synthesized with dif-
ferent bandgap values in the visible to near infrared region, by 
just changing the components of the ABX 3  perovskite struc-
ture. [ 7,9,17 ]  Here, we have used as an active layer CH 3 NH 3 PbI 3  
perovskite. Despite the attractiveness of the material, only a 
relatively small number of works have been developed very 
recently in the fi eld of photonic and emitting optoelectronic 
devices. The generation of optical gain is of particular interest 
since it is the basis of the practical implementation of solid-state 
lasers and amplifi ers integrated on silicon-based platforms. 

 Different materials have been proposed as a gain medium in 
the last years, especially that can be solution-processed, which 
are particularly convenient for low cost devices in order to be 
integrated with Si and other substrates. For example, organic 
semiconductors [ 18,19 ]  or colloidal quantum dots (QDs) [ 20,21 ]  have 
been employed to demonstrate integrated amplifi ers and lasers, 
but they present some drawbacks. Organic materials show lim-
ited wavelength tunability, bad heat conductivity and bleaching, 
while most of the QD-based nanomaterials suffer from impor-
tant nonradiative Auger losses (≈10 ps) implying the necessity 
of femtosecond pulsed laser excitation to achieve population 
inversion. In this context, HPVKs emerge as a brilliant future 
candidate for Si-hybrid photonics to overcome most of the 
above negative issues since they exhibit fast carrier formation 
(≈1 ps), [ 12 ]  high quantum yield, [ 11,12 ]  and relatively long recombi-
nation times at room temperature (≈10 ns). [ 19 ]  In fact, these pri-
mary properties were exploited to demonstrate ASE in a simple 
dropped-casting layer on a quartz substrate [ 12 ]  or a cholesteric 
liquid crystal cavity [ 22 ]  and lasing action in a nanowire shape, [ 23 ]  
and when the HPVK was embedded in a vertical photonic 
cavity structure [ 11 ]  or deposited on silica microspheres. [ 14 ]  In 
these publications the optical pumping was carried out by short 
pulsed lasers; femtosecond [ 11 ]  to demonstrate ASE or lasing in 
nanowires, [ 23 ]  and picosecond/nanosecond when the HPVK was 
incorporated into a resonator. [ 11,12 ]  These pumping conditions 
are necessary to reduce Auger recombination (≈100 ps) and pro-
vide enough peak power to overcome the stimulated emission 
threshold (10–65 µJ cm −2 ). [ 11–14 ]  These previous works estab-
lished an important milestone demonstrating ASE behavior. 
However, it is still necessary to develop an optimized low cost 
technology to integrate effi ciently HPVK into photonic devices 
by assuring also device stability, and minimizing the pump 
energy threshold in order to reduce their power consumption. 

  Hybrid halide perovskites (HPVKs) [ 1 ]  have emerged as an out-
standing material for photovoltaic applications [ 2,3 ]  with certi-
fi ed effi ciencies higher than 20%. [ 4 ]  Although solar cells are 
the dominant research trend, HPVKs have been successfully 
employed in photodetectors [ 5 ]  and show excellent light emitting 
properties, as investigated in the 1990s, [ 6,7 ]  and more recently 
for light-emitting diodes (LEDs), [ 8,9 ]  white light emitters, [ 10 ]  
and lasing devices. [ 11–14 ]  The development of HPVK photonic 
applications will require effi cient and stable devices capable of 
being incorporated in silicon circuitry. The new amplifi ers and 
receivers architectures based on HPVKs could be optimal for 
the growing fi eld of short-distance data communications using 
plastic optical fi bers. [ 15 ]  Here, we report the use of HPVKs as 
gain materials in a planar waveguide confi guration integrated 
on a silicon substrate and cladded by a poly(methyl meth-
acrylate) (PMMA) polymer, also acting as a passive cladding of 
the bilayer waveguide. We have designed a solution processed 
optical amplifi er, as demonstrated by the production of ampli-
fi cation of the spontaneous emission (ASE) at 780 nm above 
an energy threshold as low as 2 nJ pulse −1 , with a net gain of 
around 10 dB cm −1  under nanosecond pulsed laser excitation; 
simultaneously the linewidth of the waveguided light reduces 
from 50 (spontaneous emission regime) down to 3–4 nm 
(ASE regime). Samples were prepared by a low cost solution 
processing method and no degradation of the device has been 
observed after more than one year. These results pave the road 
toward very effi cient active HPVK photonics in silicon and 
other substrates. 

 Despite the polycrystalline nature of HPVK thin fi lms, the 
punctual defects with the lowest formation energy, which pro-
duce shallow traps and even grain boundaries, do not lead to 
the formation of middle gap deep traps. [ 16 ]  These properties are 
fundamental to reducing nonradiative recombination channels 
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 Here we propose a smart solution for the aforementioned 
requirements by the development of optical waveguides using 
a thin HPVK layer, see  Figure    1  a, and HPVK layer cladded with 
PMMA polymer, see Figure  1 b, both deposited by spin-coating 
onto a Si/SiO 2  substrate (the most widely used for photonics). 
If the thickness of the PMMA is appropriate, the light emitted 
by the HPVK will be coupled to waveguided optical modes 
leading to the generation of ASE. This regime is reached at a 
relatively low threshold due to the confi nement of pump and 
signal light beams in the optical waveguided mode. Interest-
ingly, the PMMA cladding layer plays a double role: it allows 
the effi cient confi nement and propagation of pump and signal 
beams, and importantly, provides the encapsulation of the gain 
material, HPVK, ensuring long-term stability. With this con-
fi guration, Figure  1 b, we have demonstrated the production 
of ASE at 780 nm (the PL peak wavelength) with a linewidth 
of around 3 nm (as compared to the 50 nm wide PL band) 
for laser pumping above an energy threshold as low as 2 nJ 
(30 µW of average power) inside the waveguide. This value is 
an estimate by assuming a 10% of coupling effi ciency of the 
pumping laser focused at the entry face of the waveguide (i.e., 
300 µW), in agreement with the theoretically estimated value, as 
discussed below. This low power threshold is especially signifi -
cant taking into account that excitation is produced with a nano-
second pulsed laser instead of picosecond or femtosecond ones. 
We have carefully analyzed by experiments and simulations the 
generation of optical gain in the waveguide structure. We have 
estimated a net gain, at the output edge of the waveguide, of the 
order of 10 dB cm −1  for 1 mm long waveguides. These results 
pave the road toward very effi cient active HPVKs photonics, 
amplifi ers and lasers, into Si-based integrated architectures. 

  Two different slab waveguide confi gurations have been 
adopted, with and without the PMMA cladding layer, Figure  1 a,b, 

respectively, named hereafter sample A and sample B. Briefl y, 
on a Si/SiO 2  substrate (2 µm of SiO 2 ), an intermediate 40 nm 
thick TiO 2  buffer layer is deposited to enhance the HPKV adhe-
sion. HPVK fi lms of different thicknesses (Figure S1, Sup-
porting Information) were deposited by spin coating on top of 
the TiO 2  buffer layer, see the Experimental Section for more 
details. For this confi guration, in sample A (Figure  1 a), the 
HPVK fi lm would act as the active core of the planar waveguide, 
given that the refractive index of the HPVK is around 2.34 at 
780 nm, much higher than the one of SiO 2  (see Table S1, Sup-
porting Information). However, the propagation of a pumping 
laser beam along this single layer waveguide is restricted 
to short distances due to the strong absorption of the HPVK 
material above its bandgap, see Figure S3b, Supporting Infor-
mation. In fact, when the optical pumping laser ( λ  p  = 533 nm) 
is coupled to the HPVK waveguide the excitation is limited to 
very short distances of ≈100 nm due to the strong attenuation 
of the pump beam (the absorption of guided modes are about 
10 5  cm −1 , see Figure S5b, Supporting Information). In conse-
quence, for a practical waveguide length of ≈1 mm the genera-
tion of emitted light for sample A cannot overcome the intrinsic 
losses of the structure and no ASE is obtained in the range of 
pumping energies 0.75–15 nJ (inside the waveguide), as shown 
in Figure  1 c. On the contrary, the use of a PMMA cladding 
layer on top of the HPVK in sample B (Figure  1 b) enables end-
fi re coupling of the excitation laser through the planar PMMA–
HPVK waveguide with calculated weak losses in the range 
10–100 cm −1  (see Figures S4b and S5b, Supporting Informa-
tion). As a consequence, a clear signature of ASE for sample B 
confi guration is plainly visible by increasing the laser pumping 
energy above 2 nJ, i.e., the waveguided PL signal collapses into 
a narrow emission line at 1.58 eV (780 nm), as observed in 
Figure  1 d. 
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 Figure 1.    a) Sample A structure: A thin layer of HPVK (500 nm) is deposited by spin coating on a Si/SiO 2  substrate, a previous buffer of TiO 2  was 
deposited on SiO 2  to enhance HPVK adherence. b) Sample B structure: similar to sample A, but adding a PMMA cladding layer (2.5 µm) on top of 
the HPVK. c,d) PL spectra for different pump powers in samples A and B, respectively. e) Simulation of pump (green line) and signal (red line) light 
propagation along the waveguide in sample A: the pump is strongly attenuated at the input edge of the waveguide and hence, appreciable signal is 
only generated along the fi rst 50 µm. f) Simulation of pump (green line) and signal (red line) intensities along the waveguide in sample B: the pump 
travels along the entire waveguide with the aid of the cladding, improving the PL (signal) excitation along the entire sample.
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 Furthermore, it is important to highlight that the PMMA acts 
also as encapsulation of the HPVK layer against ambient condi-
tions, preserving the device performance for many months (to 
date more than one year of optical tests in laboratory) stored 
under ambient conditions (see Figure S7, Supporting Informa-
tion, for a comparison of the spectra obtained immediately after 
the fabrication and 10 months later). In the case of only HPVK 
planar waveguides (sample A) the emitted light was completely 
quenched only one week after fabrication and exposed to 
ambient conditions. 

 For a deeper understanding of the ASE production in the pro-
posed waveguides a generation-recombination model has been 
developed (see Section 4, Supporting Information, for a more 
detailed description). Nonradiative channels in CH 3 NH 3 PbI 3  
have been deeply studied by Manser and Kamat, [ 24 ]  concluding 
that electron–hole recombination is dominant and Auger 
recombination is considered negligible, for excitation levels 
similar than those used in our experiments. Other nonra-
diative channels studied in previous publications [ 19 ]  are bulk 
and interfacial/surface traps whose density is in the order of 
≈10 16 –10 17  cm −3  and hence these channels have no infl uence 
under high pumping excitations. [ 25 ]  We have taken into account 
all these considerations in the model, which allows us to simu-
late the pump and signal intensities along the waveguide for 
both samples A and B, see Figure  1 e,f, respectively. These 
fi gures show the evolution of the pump beam at  λ  = 533 nm 
(green line) and signal at  λ  = 780 nm (red line) simulated by 
a beam propagation method (BPM). [ 26 ]  The simulation predicts 
that sample A suffers from a strong attenuation characterized 
by three exponential decay regions: the fi rst one attributed to 
the absorption losses of the HPVK (1.3 × 10 5  cm −1 ) and the 
other two to radiated losses to the substrate (130 cm −1 ) and to 
the air (1000 cm −1 ). On the contrary, the pump beam in sample 
B exhibits a very weak attenuation accounted for by a single 
decay constant of 34 cm −1 , a value close to the losses obtained 
for the modes confi ned in the PMMA cladding in the simula-
tions (see Figure S5b, Supporting Information). Consequently, 
at the waveguide exit edge,  z  = 1000 µm, the PMMA cladding 
produces a 10 11 -fold enhancement of the pump intensity as 
compared to sample A. 

 The waveguided PL signal can be now estimated on the basis 
of the pumping beam calculated above by considering the spon-
taneous emission generation together with an active BPM algo-
rithm, similar to the one applied by Gordillo et al. [ 27 ]  The model 
allows obtaining the optical gain by calculating the carriers 
generated along the structure. [ 28 ]  The simulation of the signal 
intensity in samples A and B (red lines in Figure  1 e,f) gives 
in both cases an initial rise due to the immediate achievement 
of maximum net gain at around  z  = 100–200 µm. In sample 
A this gain is lost after a short propagation distance because 
the photo generation by light absorption decreases very fast 
(Figure  1 e), while in sample B the losses are practically com-
pensated along the entire waveguide, as the pump signal is 
only weakly attenuated in this case (Figure  1 f). 

 The highest gain is obtained with a PMMA thickness of 
around 2.5 µm, see Table S2 in the Supporting Information, 
as a good compromise between propagation losses and excita-
tion of the HPVK material along the propagation length (see 
Figures S4 and S5, Supporting Information). Using this PMMA 

thickness, the structure supports a propagating optical mode 
centered in the PMMA (see Figure S6, Supporting Informa-
tion) for the pumping laser wavelength; this mode is char-
acterized by a propagation length of around 400 µm and an 
overlapping percentage with the active region close to 0.02% 
(Figure S5, Supporting Information). Despite this low overlap 
value, it is worth noting that PL is generated along the entire 
length of the waveguide and the cladding PMMA is recov-
ering radiated light that enhances considerably the amount of 
guided PL signal.  Figure    2  a shows the intensity distribution of 
the pump and signal beams simulated with BPM in a sample 
with the optimum geometrical parameters. Clearly, the pump 
beam travels along the polymer cladding while the signal beam 
is confi ned in the HPVK layer, which is experimentally cor-
roborated in Figure  2 b. In addition, the pump beam shows an 
overlap with the active region of 0.02–0.04%, very close to the 
simulation (Figure  2 c). 

  The propagation of the pump beam in sample B produces the 
generation of carriers along the entire length of the waveguide 
as estimated by the BPM (Figure S8a, Supporting Information). 
Consequently, gain will be produced in the waveguide when the 
excitation overcomes the threshold and ASE is observed experi-
mentally for type B samples ( Figure    3  a,b). For pump energies 
below 2 nJ (threshold) the PL intensity is very broad (50 meV) 
and weak, whereas above the ASE threshold the intensity of 
the waveguided light signal grows considerably and its spec-
trum collapses into a narrow line (6–7 meV), as observed in 
Figure  1 d. In Figure  3 b, the signal intensity at the exit face of 
the waveguide as a function of the pumping energy is repre-
sented by solid circles (left axis scale). It can be nicely fi tted 
using the already commented generation/recombination model 
(continuous line). A clear threshold is observed at around 2 nJ 
above which the intensity follows a linear dependence (a slope 
two in a log–log plot) due to ASE. The pump power inside the 
waveguide was considered to be around 10% of the energy of 
the incident laser energy (0–150 nJ), because of the difference 
between the spot diameter at the input edge of the waveguide 
(≈25 µm) and the thickness of the PMMA cladding (2.5 µm). In 
this way, the threshold energy density of around 100 µJ cm −2 , 
very close to the predicted value by our generation/recombina-
tion model (solid line in Figure  3 b), 64 µJ cm −2 . Due to the high 
confi nement of the light inside the waveguide this threshold, 
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 Figure 2.    a) Simulation of the intensity distribution of the pump (green) 
and signal (red-yellow) beams along the waveguide (see also Sec-
tion 4, Supporting Information, regarding the generation-recombination 
model). b) CCD image recorded at the output edge of a waveguide with a 
3 µm thick PMMA layer showing pump (green) and signal (red) beams. 
c) Cross-section intensity profi les from the CCD image, where the dis-
tance between signal and pump profi le peaks should be 1.75 µm (the 
wider cross section of the signal is attributed to radiated light caught by 
the PMMA cladding).
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necessary to reach the transparency carrier concentration 
 n  0  = 3 × 10 18  cm −3  (see Section 4, Supporting Information) cor-
responds to an average power of 30 µW inside the waveguide 
(300 µW of the external pumping laser). Moreover, since the 
mode (confi ned in the PMMA) overlap in the HPVK layer is 
only ≈0.02%, the real pump density threshold in the active layer 
is hence as low as ≈20 nJ cm −2 , a value much smaller than the 
one obtained in experiments under free space optical pumping 
using backscattering confi guration. [ 12,14 ]  

  Figure  3 b plots the obtained experimental gain as function 
of energy pulse for a weveguide of 1.1 mm length. The exper-
imental gain of the amplifi er has been deduced from experi-
mental curves by comparing the spontaneous and stimulated 
emission variations with power (see Section 5.2, Supporting 
Information). Gain increases with pump energy and saturates 
to around 10 dB for the highest pumping energy used in the 
experiments. Moreover, the experimental gain increases for 
longer waveguides, as observed in Figure  3 c (blue solid circles, 
left axis). To obtain net gain, however, it becomes necessary 
to take into account the losses in the structure. For this pur-
pose, 19–21 cm −1  losses in the waveguide have been deduced 
by studying the propagation of the spontaneous emission (see 
Section 5.3, Supporting Information). Right axis of Figure  3 c 
plots the net gain in dB/cm for the different waveguide lengths 
studied here. The amplifi er reaches net gains of 10 dB cm −1  for 
short length waveguides (≈1 mm). 

 Saturation power,  P  s , and gain without saturation,  g  0 , result 
in the range of 7000–1200 photons s −1  and 3000–13 000 cm −1 , 
respectively, as deduced from the fi tting curve to the well-know 
equation g g P P/ 1 /0 S( )= +  in Figure  3 c (see Section 5.2, Sup-
porting Information, for more details). The generation/recom-
bination model predicts a maximum  g  0  ≈ 4000 cm −1  at the 

input edge of the structure, so the experimental fi tting agrees 
reasonably well with the BPM output. This value is one order 
of magnitude higher than the one obtained for HPVK under 
free space optical pumping (100–250 cm −1 ) [ 12,14 ]  and colloidal 
QDs (100 cm −1 ), [ 20 ]  as extrapolated from the variable length 
stripe method. [ 29 ]  Although here the estimation is obtained by 
a completely different method, the high  g  0  is an indication of 
the effi ciency and effectiveness of the optical pumping method 
here reported. In fact, in those references the linewidth of 
ASE spectra was around 10 nm while in the present study it 
is reduced down to 3–4 nm. Furthermore, the waveguided PL 
spectra above threshold are completely dominated by ASE with 
a negligible contribution of spontaneous emission (Figure  3 a), 
which is not the case in the aforementioned references. 

 As a last consideration, recombination dynamics should also 
be affected by the appearance of ASE in the PMMA–HPVK 
waveguide as observed in time resolved PL (TRPL) spectra 
in Figure  3 d. A PL decay time of 3.5 ns is measured for the 
PMMA–HPVK structure under backscattering excitation–detec-
tion conditions, whereas it reduces to 1.1 ns for the wave-
guided PL signal under the lowest pumping conditions (75 pJ) 
and below 100 ps above 5 nJ. This is because gain decreases 
the effective decay time even below the threshold energy due 
to recombination-generation processes along propagation (see 
Section 4, Supporting Information), provided that nonradiative 
channels are negligible. Simultaneously, a second slow expo-
nential decay of around ≈4–8 ns is needed to fi t the experi-
mental TRPL curves at long delay times below threshold energy 
that is attributed here to the remaining spontaneous emission 
that mostly disappears above the ASE threshold. In fact, the 
decay times measured at other wavelengths inside the emis-
sion band are longer than those at 780 nm, because PL is more 
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 Figure 3.    a) Emitted light map as a function of the pump laser energy measured at the output edge of sample B. b) Left axis (blue). Integrated wave-
guided PL intensity as a function of the laser pulse energy (symbols corresponds to experimental points and solid line to the fi tting of BPM model). 
Right axis (black). Integrated gain as a function of the laser pulse energy, c) left axis (blue). Integrated gain as a function of the waveguide length (blue 
symbols and fi tting to above-mentioned equation), right axis (black). Net gain at the output of the waveguide as a function of the waveguide length 
(black symbols and fi tting to  g-α  where  g  follows equation given in the text). d) TRPL analysis in backscattering (red) and waveguided light confi gura-
tions for different laser pulse energies; the gray dashed area corresponds to the system response. e) Linewidth (blue and left axis) and recombination 
time (black and right axis) as a function of the laser pulse energy; a threshold of 2 nJ is estimated (line are just an eye guides). 
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infl uenced by the spontaneous emission (see Figure S13, Sup-
porting Information). In Figure  3 e the linewidth and recom-
bination time at the ASE peak (780 nm), as a function of the 
pump energy pulse are depicted. The onset for the decrease 
of the recombination time and PL linewidth narrowing clearly 
takes place at the energy of ≈2 nJ, in perfect agreement with the 
threshold value extracted from the integrated PL (Figure  3 b). It 
is worth noting that no dependence on light polarization was 
observed in the production of ASE for the different studied 
samples obtaining the same threshold energy and line nar-
rowing for both the pump beam and the waveguided signal (see 
Figure S14, Supporting Information). This is quite interesting 
for the application of the proposed Hybrid Semiconductor 
Optical Amplifi er (HSOA) concept to optical communications 
using optical fi bers where the polarization of propagating 
optical signals is random in nature. Finally, the infl uence of 
geometrical parameters in the structure (thickness of HPVK 
and PMMA fi lms) on ASE were also investigated and summa-
rized in Table S.1, Supporting Information, 500 nm and 2.5 µm 
being optimum for the HPVK and PMMA fi lms thicknesses, 
respectively. 

 In summary, for the fi rst time a hybrid optically active mate-
rial has been integrated in cladding waveguides opening the use 
of hybrid lead halide perovskites for photonic applications in a 
silicon platform. Particularly, a high optical net gain, 10 dB cm −1 , 
has been obtained by synergistically combining the HPVK semi-
conductor with organic polymer waveguides. We have demon-
strated a low stimulated emission threshold of 2 nJ on an opti-
mally designed PMMA/HPVK waveguide, a decreased threshold 
compared to previous results, [ 11,12 ]  which was remarkably 
obtained without requiring short pulsed lasers, i.e., a nanosecond 
laser, a clear indicator of the powerful waveguide approach pro-
posed in the present work. Gain without saturation as high as 
 g  0  = 3000–13 000 cm −1  at the waveguides are estimated experi-
mentally (4000 cm −1  from BPM output). The excellent optoelec-
tronic properties of HPVK are enhanced in our HSOA concept 
by a polymer layer that simultaneously develops two fundamental 
tasks: PMMA allows to propagate the pump and signal beams 
along suitable long distances, avoiding the strong attenuation 
observed in devices without it, and, also very important, to pro-
tect the HPVK layer from moisture/air degradation producing 
long stability devices, presenting no degradation after more than 
one year. Both HPVK and PMMA layers are deposited by using 
very simple solution processing techniques. The threshold for 
ASE is supported by the power dependence of the waveguided 
PL and TRPL spectra, and corroborated by theoretical simulation. 
The application of model to our experimental results also demon-
strates that Auger recombination and surface traps are negligible 
in this kind of materials. Waveguides and other photonic devices 
based on HPVK/PMMA bilayer may be easily integrated into Si 
circuitry, assuring device stability and low power consumption 
due to the low energy threshold for operation.  

  Experimental Section 
  Waveguide Fabrication : Si/SiO 2  wafers were thoroughly and 

sequentially cleaned with acetone, ethanol and isopropanol solvents. 
Then the wafers were dried using a N 2  stream and heated for 1 min at 

100 °C over a hot plate. A ≈40 nm thickness layer of TiO 2  was deposited 
on the SiO 2 /Si wafer by spin-coating an anhydrous ethanol solution 
of titanium isopropoxide and heated at 500 °C for 30 min in room 
atmospheric conditions. Halide perovskite CH 3 NH 3 PbI 3-x Cl x  layer of 
≈500 nm of thickness was deposited inside a glove-box by spin-coating 
100 µL of perovskite precursor solution, 40% (w/w) DMF solution of 
CH 3 NH 3 I and PbCl 2  (3:1 molar ratio), [ 3 ]  onto the SiO 2 /Si wafer at 
2000 rpm for 60 s. After the deposition, the substrate was kept at room 
temperature for 15 min and then heated up to 100 °C during 1 h inside 
an oven under air atmosphere. Control of HPVK thickness with the 40% 
(w/w) solution was obtained by varying the spin-coater speed for the 
layer deposition, see Figure S2, Supporting Information. For the layers 
deposited at 4000 and 8000 rpm a fi lm thickness of ≈350 and 270 nm 
was obtained, respectively. Once the HPVK is properly deposited on the 
substrate PMMA is spin coated on the top the sample and post heated 
at 80 and 150 °C for 2 min each to develop sample B structure. The 
thickness of the polymer is controlled by the spin coating velocity or the 
concentration of polymer in the solvent (toluene). 

  Waveguide Characterization : Waveguides have been characterized at 
room temperature by end fi re coupling the pump laser with the aid of a 
microscope objective. Excitation source consisted of a Nd:Yag laser (1 ns 
pulse, 20 KHz repetition rate) doubled at 533 nm with a nonlinear KTP 
crystal. Waveguided PL is collected at the output edge of the sample with 
another microscope objective and focused into a fi ber optic connected 
to a HR4000 Ocean Optics spectrograph (estimated overall resolution 
better than 0.7 nm). Time resolved PL was carried out by focusing the PL 
into a Hamamatsu C5658-3769 avalanche photodetector connected to a 
BOXCARDPCS-150 electronics from Becker & Hickl GmbH. 

  Textural Characterization : SEM images of the substrate were carried 
out using a JSM-7000F JEOL 216 FEG-SEM system using secondary and 
retrodispersed electron beams.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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