
FU
LL

 P
A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5688 wileyonlinelibrary.com

emission. [ 5 ]  The emission from nanocrys-
talline silicon is much more effi cient than 
the corresponding process in bulk sil-
icon due to a combination of two effects: 
1) electron and hole wave functions overlap 
more effectively in quantum-confi ned sil-
icon, [ 6 ]  and 2) nonradiative impurities and 
lattice defects are not as accessible when 
the bulk silicon material is divided into 
nanocrystalline domains. [ 5,7 ]  It is widely 
accepted that the green to near infrared 
PL from PSi originates from band-to-
band recombination of quantum-confi ned 
excitons, [ 8 ]  and that the emissive centers 
responsible for PL are strongly infl uenced 
by oxides and other species at the Si sur-
face. [ 9 ]  This also appears to be the case for 
nanoparticles derived from PSi. 

 Micron-scale and nanoscale particles of 
luminescent PSi have been employed for 
biological applications due to their biocom-
patibility, biodegradability and large spe-

cifi c capacity for therapeutic reagents. [ 10–17 ]  For in vivo imaging, 
luminescent PSi nanoparticles (LPSiNPs) are an attractive 
alternative to conventional heavy-metal-containing quantum 
dots, which have been shown to be toxic in biological environ-
ments. [ 18–21 ]  In addition, the long-lived excited state of LPSiNPs 
allows high fi delity, low background imaging when employed 
in time gated experiments. [ 22 ]  A limitation of LPSiNPs has been 
that the quantum yield is typically <10%, [ 10 ]  signifi cantly lower 
than direct band-gap semiconductor quantum dots or many of 
the common organic imaging fl uorophores. For instance, with 
the proper surface passivation, CdSe and CdS quantum dots 
can achieve PL quantum yields of ≈80–90%. [ 23–26 ]  A number 
of reports have demonstrated quantum yields for individual 
silicon nanocrystals as large as 60%, [ 27–32 ]  however these are 
dense Si nanocrystals and not porous nanostructures. The rela-
tively low quantum yield of LPSiNPs is assumed to be due to 
the existence of nonradiative defects at the surface of the high 
surface area silicon skeleton. A method for overcoming this 
specifi c limitation is needed. 

 Here we present a systematic study of the activation of 
photoluminescence in PSi derived nanoparticles by controlled 
chemical oxidation of the surface. A number of reports have 
demonstrated LPSiNPs as biological imaging agents, [ 4,10,22,33,34 ]  
and the material used in all of these can be considered to be 
a core-shell nanoparticle in which a shell of SiO 2  encases the 
active porous Si skeleton. However, the growth of oxide used 
to activate PL in these LPSiNPs has not been investigated in 
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  1.     Introduction 

 Since the discovery of room-temperature photoluminescence 
(PL) from electrochemically etched porous silicon (PSi), [ 1 ]  lumi-
nescent silicon nanomaterials have been extensively studied 
for applications ranging from solid-state light emitting devices, 
to chemical sensing, to biological labeling. [ 2–4 ]  As an indi-
rect band-gap semiconductor, bulk silicon is an ineffi cient PL 
emitter, because slow electron-hole radiative recombination 
competes with nonradiative recombination at defect sites and 
through three-body Auger processes, leading to the low optical 
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detail. While it is evident that improvement of PL effi ciency can 
be achieved through careful passivation of the nanocrystalline 
silicon surface, control of the chemistry of the passivation layer 
is crucial for a complete understanding of the luminescent 
properties and for the successful application of these materials 
in vivo. In particular, if the oxidation reaction proceeds too far, 
the Si core is completely eliminated and photoluminescence 
is destroyed. We previously found that mild oxidation with 
aqueous sodium tetraborate (borax) improves both quantum 
yield and stability of LPSiNPs. [ 35 ]  It is shown here that the borax 
treatment can lead to quantum yields for LPSiNPs as high as 
23% if the process is terminated at the appropriate point in the 
reaction.  

  2.     Results and Discussion 

 The nanoparticles were prepared from highly doped p-type 
single-crystal silicon wafers using a three-step process. First, 
porous layers were etched into silicon by means of electro-
chemical etching in an aqueous electrolyte containing HF and 
ethanol. In order to control the size of the PSiNPs, high current 
pulses were applied periodically during an otherwise constant 
current etching process ( Figure    1  a). [ 14,36 ]  The nominal pore 
diameter of the primary porous layer was ≈12 nm (Figure  1 b), 
and the pores were preferentially oriented in the <100> direc-
tion, perpendicular to the surface of the wafer. The current 
pulses introduced thin layers of much higher porosity (“perfo-
rations”) parallel to the <100> face of the wafer, which served as 
artifi cial cleavage planes to direct the fracture process into a size 
range determined by the physical spacing of the perforations. 
In a second step, the porous silicon layer was removed from 
the silicon substrate with a current pulse (“lift-off”). Finally, the 
free-standing porous Si layer was placed in deionized water and 
fractured by ultrasonication. The resulting 
PSiNPs showed very similar thickness along 
the pore axis, which corresponded to the 
thickness of the primary layers in the original 
fi lms (Figure  1 c). This process generated 
nanoparticles with consistent and reproduc-
ible dimensions and morphology. The hydro-
dynamic diameter measured by dynamic 
light scattering (200 ± 10 nm) was consistent 
with the TEM measurement (see Figure S1 
in Supporting Information).  

 The typical means to activate PL in 
PSiNPs has been by incubation in deionized 
water at room temperature for 2 weeks. [ 10 ]  
During this activation step, a passivating 
silicon oxide layer grows on the hydrogen-
terminated PSi surface. The resulting lumi-
nescent porous Si nanoparticles (LPSiNPs) 
display strong orange to near-infrared photo-
luminescence, which has been attributed to 
quantum confi nement effects in the silicon 
cores and to localized Si-SiO 2  interfacial 
defects. [ 37–40 ]  However, there are two com-
peting chemical processes at work in the 
reaction of LPSiNPs with water. The fi rst is 

the above-described growth of a surface oxide, which tends to 
increase photoluminescence intensity by passivation of elec-
tronic states on the nanoparticle surface. The second process 
is dissolution of this oxide. As the silicon oxide layer dissolves 
in the aqueous solution, fresh Si surface is exposed that can 
oxidize further. Taken to the limit, the entire particle will dis-
solve and photoluminescence will disappear. This dissolution 
step may be limited by the solubility of the silicic acid product, 
Si(OH) 4  or its rate of dissolution. We fi rst studied this process 
by allowing LPSiNPs to oxidize in deionized water and meas-
uring the temporal evolution of the PL spectrum as a function 
of concentration of nanoparticles. We hypothesized that under 
conditions of high [Si(OH) 4 ], nanoparticle dissolution would be 
inhibited. For these experiments the samples were covered to 
minimize water evaporation, although no effort was made to 
exclude oxygen from air. Initially, the as-prepared PSiNPs dis-
played very weak to undetectable photoluminescence under UV 
illumination, which increased gradually, coincident with the 
growth of a silicon oxide layer on the surface (see Figure S2 
in Supporting Information). Photoluminescence intensity 
increased for a few hours to a few days, depending on the con-
centration of LPSiNPs. Samples with a larger concentration 
of nanoparticles required more time to reach maximum PL 
intensity. The measured PL intensity then decayed to the noise 
level within 5 to 30 days. Samples with a larger concentration 
of nanoparticles required more time to lose PL intensity. The 
loss of PL intensity at this stage of the experiment is attributed 
to the complete oxidation and dissolution of the nanoparticles, 
and it was confi rmed by UV-Vis absorption (see Figure S3 in 
Supporting Information). The results indicate a strong depend-
ence of oxidation/dissolution on particle concentration. 

 Because dissolution of SiO 2(s)  to form Si(OH) 4(aq)  is a revers-
ible reaction, we suggest that the rate limiting step for the 
nanoparticle oxidation/dissolution process is the removal 
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 Figure 1.    a,b) Scanning electron microscope (SEM) images of the PSi fi lm before ultrasonica-
tion: The cross-sectional image (a) reveals the periodic perforation layers that act as artifi cial 
cleavage planes for nanoparticle formation, and the plan view (b) shows the pore dimensions. 
c) Transmission electron microscope (TEM) image of the PSiNPs formed after ultrasonication 
of the structure in (a,b).
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of surface oxide as dissolved Si(OH) 4(aq) , and that it proceeds 
more slowly as free Si(OH) 4(aq)  builds up in solution. To test 
this hypothesis, particle dissolution was studied as a function 
of concentration of free Si(OH) 4(aq) , added at the beginning 
of the experiment. The evolution of the PL spectrum shows 
a pronounced dependence on added Si(OH) 4(aq)  (Figure S4 in 
Supporting Information). Both the appearance and disappear-
ance of photoluminescence occur on a slower time scale with 
increasing [Si(OH) 4(aq) ], indicating that it is the dissolution of 
the oxide shell, rather than oxidation of the silicon core, that 
is the rate limiting step. The oxidant in this case can be either 
water or dissolved oxygen. [ 41 ]  

 In order to increase the rate of silicon oxidation while at the 
same time minimizing the rate of oxide dissolution, we inves-
tigated the effect of aqueous sodium tetraborate (borax) on the 
reaction at room temperature. Borax is commonly used as a 
cleaner because it is a mild oxidant, it generates slightly basic 
solutions, and it can act as a buffer at pH ≈9.5. [ 42 ]   Figure    2  a 
shows PL spectra of LPSiNPs obtained at different time points 
during reaction with sodium tetraborate solution. We note three 
characteristics of the PL spectrum: 1) the peak wavelength shifts 
to the blue region (Figure  2 b); 2) the peak bandwidth is broad 
throughout the process (Figure  2 c); and 3) there is a gradual 
increase in intensity of PL followed by a decrease (Figure  2 d). 
These characteristics are similar to what is observed with the 
pure water treatment, except in the case of aqueous tetraborate 
the reaction is much more rapid.  

 The observed blue shift in the PL spectrum with increasing 
reaction time is consistent with a decrease in size of the 

quantum-confi ned nanocrystalline silicon domains, as their 
outermost surface is converted from Si to SiO 2 . Such behavior 
has been seen many times before, and it is a characteristic of 
air- or water-based oxidation of PSi surfaces. [ 9 ]  The result of this 
chemical reaction is represented schematically in  Figure    3  : as-
prepared PSiNPs have an H-terminated surface, with very little 
oxide initially. Oxidation removes these hydride species, and 
the underlying Si skeleton is gradually converted to SiO 2 . With 
increasing oxidation time, the oxide layer grows thicker and the 
crystalline core becomes smaller. Consistent with the quantum 
confi nement model of photoluminescence from PSi (radiative 
recombination of electron-hole pairs confi ned in crystalline sil-
icon domains of <5nm in size), there is a corresponding blue 
shift in the PL spectrum with increasing extent of oxidation. 
The blue shift of the photoluminescence energy ( E  PL , in eV) can 
be used to determine the change in the silicon core diameter  d  
(in nm) based on the empirical inverse power law relationship 
of Equation  ( 1)  : [ 32,43 ] 

    
E E

d
PL g

3.73
1.39= +

 
 (1)

 

 where  E  g  is the band gap energy of crystalline Si (1.17 eV). 
 Figure    4   shows silicon crystallite sizes derived from this rela-
tionship as a function of oxidation time. It should be pointed 
out that the size determined here represents the size of the 
quantum-confi ned domains within a PSi nanoparticle, not the 
overall size of the PSi nanoparticle itself. This is consistent 
with DLS measurements obtained during tetraborate oxidation, 
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 Figure 2.    a) Photoluminescence emission spectra (λ ex : 365 nm) of LPSiNPs (0.37 mg mL –1 ) during reaction with 4.06 mM of aqueous sodium borate 
(Red: 0–70 min, Blue: 80–220 min). b) Corresponding PL peak wavelength shift, c) variance in FWHM, and d) integrated PL intensity as a function of 
reaction time. Red and blue color corresponds to curves shown in (a).
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which show that the average particle size did not change sub-
stantially from ≈200 nm through the course of the 220 min 
reaction period (Figure S5 in Supporting Information). The 
calculated initial crystallite domain size is consistent with the 
nominal pore wall thickness (≈6 nm) of the PSi samples meas-
ured by SEM (Figure  1 b), and the data indicate that the size of 
the silicon domains gradually decrease as a result of surface oxi-
dation. The rate of crystallite size reduction, which induces the 
blue shift in the PL spectrum, is approximately constant over 
the course of the reaction except at the very beginning stage.   

 According to the estimate of eq. 1, the calculated average 
size of the silicon crystallites decreased to ≈3 nm by the end 
of the 220 min reaction period. There is a discrepancy between 
reported experimental values and theoretical estimates of 
Si crystallite size for diameters <3 nm, [ 44 ]  so the estimates of 
crystallite size given in the present work should be considered 
approximate. 

 The PL spectra shown in Figure  2 a display 
single Gaussian profi les with a full width 
at half maximum (FWHM) of ≈200 nm for 
the entire reaction sequence (Figure  2 c). 
The broad bandwidth is signifi cantly larger 
than what is typical of CdSe quantum dots, 
for example, and it is consistent with the 
ensemble model of PSi, where the quantum-
confi ned domains exist in a relatively broad 
distribution of sizes. [ 9 ]  SEM measurements 
supported this interpretation; the PSi struc-
tures formed by electrochemical etching 
displayed a range of wall thicknesses (see 
Figure  1  and inset in Figure  3 ). The rela-
tively constant FWHM that was observed 
throughout the reaction suggests that the 
nanocrystalline silicon walls were uniformly 
oxidized, resulting in a shrinking crystalline 

core within an oxide shell. 
 During the course of the 220 min oxidation reaction, the 

intensity of PL increased, reached a maximum, and then 
decreased to the point of being too weak to be observed 
(Figure  2 d). The effect is too large to be attributable to the 
wavelength dependence of the instrument response, and it is 
believed to be primarily the result of an interplay between sur-
face passivation by the growing oxide and nonradiative surface 
defects. 

 At the beginning of the oxidation process, the observed 
increase in PL intensity is ascribed to the passivation of non-
radiative surface traps for electron-hole pairs. The highly reac-
tive native hydride species and dangling bond states on the 
as-formed PSi surface are readily oxidized by mild oxidants. [ 41 ]  
Progressive oxidation of these and other nonradiative recom-
bination centers is expected to generate a more passive oxide 
surface, increasing the PL intensity from nanocrystalline 
silicon. 

 Whereas the increase in PL intensity at the initial stage of 
the reaction is attributed to the passivation of active electronic 
defects, the decrease in PL intensity at longer reaction times 
is attributed to gradual shrinking and eventual elimination of 
quantum-confi ned Si domains. In addition, it is known that the 
radiative PL lifetime is much shorter for smaller Si nanocrystal-
lites. [ 45 ]  The observed decrease in PL intensity as the nanoparti-
cles approach 3 nm in diameter is consistent with a prior report, 
which indicated that the PL intensity of very small (<2.5nm) 
Si nanocrystals is low due to the development of oxide-related 
surface states within the band gap of the nanocrystals. [ 8 ]  Thus, 
while oxide passivation of the outmost surface can increase PL 
intensity from nanocrystalline Si by eliminating more active 
surface defects on the larger nanoparticles, as the nanoparticles 
reach smaller sizes the oxide itself can become more defective 
and less passivating. The later stages of oxide growth are there-
fore expected to result in a decrease in PL due to increasing 
incidence of nonradiative defect centers. Of course the con-
tinued growth of oxide will lead to elimination of the crystal-
line Si chromophore altogether, and this is also expected to 
contribute to the decrease in observed PL intensity at the latter 
stage of the oxidation reaction. It should be pointed out that the 
oscillator strength of the LPSiNPs is expected to decrease with 
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 Figure 4.    Calculated size of the quantum-confi ned domains in the 
LPSiNPs determined from the PL spectrum by equation (1) as a function 
of time during aqueous sodium tetraborate treatment. Sodium tetrabo-
rate concentration was 4.06 mM, LPSiNP concentration 0.37 mg mL –1 , 
reaction performed at room temperature.

 Figure 3.    Schematic illustration depicting the oxidation of pore walls in a PSi sample. Blue rep-
resents silicon and orange is SiO 2 . As the oxidation reaction progresses, the nanometer-scale 
Si features become smaller, leading to a blue shift in the quantum-confi ned photoluminescence 
spectrum. With more extensive oxidation, the Si domains disappear leaving a porous SiO 2  
framework.
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size too, and so defect passivation/generation represents only 
an approximate picture. 

 The results provide additional support to the “vibron” model, 
in which quantum-confi ned electronic states in the Si nanocrys-
tals are resonantly coupled to Si-O vibrations at the nanocrystal 
interface, leading to high PL effi ciency. [ 9 ]  It has been experi-
mentally demonstrated that the energy difference between the 
lowest valence sublevels in Si nanocrystals becomes compa-
rable to the energy difference between Si-O surface vibrations 

for nanocrystals in the size range of 4–4.5 nm, and so resonant 
coupling should be most pronounced in this size range. Our 
experimental fi nding is in good agreement with the model, 
because the PL intensity reaches a maximum 70 min after initi-
ation of the reaction, at which point the calculated Si crystallite 
size is 4.5 nm (Figure  2 b and Figure  4 ). The main conclusion 
from this study is that PL intensity from LPSiNPs is a trade-
off between surface passivation, defect generation, chemical 
reaction rates, and other photophysical properties related to the 
oxidation process and the energy level in the nanocrystallites. 
For the aqueous tetraborate oxidant system, those parameters 
combine to yield a maximum in PL intensity at a specifi c point 
in time during oxidation. 

 The point in time at which the PL intensity reaches a 
maximum strongly depends on tetraborate concentration. 
 Figure    5   shows the integrated PL intensity of a fi xed concen-
tration of LPSiNPs allowed to react with solutions of different 
tetraborate concentrations. For all concentrations of tetrabo-
rate, the PL spectrum blue shifted as the intensity gradually 
increased and then decreased (see also Figure S6 in Supporting 
Information). The more rapid increase in PL was observed at 
higher tetraborate concentrations, and this is attributed to a 
faster rate of oxidation. The maximum PL intensities corre-
sponding to the data of Figure  5 a and b are shown in Figure  5 c 
as a function of tetraborate concentration. As discussed above, 
a similar blue shift and variation in integrated PL intensity was 
obtained in the reaction with deionized water, although reac-
tion of LPSiNPs with deionized water containing no tetraborate 
resulted in the slowest observed rate of oxidation and a lower 
maximum in PL intensity relative to reactions with tetraborate-
containing solutions (Figure  5 b,c and Figure S6 in Sup-
porting Information). Interestingly, intermediate tetraborate 
concentrations of 0.8 mM showed the greatest maximum in 
PL intensity. Using rhodamine 6G as a standard, the optimum 
quantum yield (QY) of the LPSiNPs was found to be 23.1%, for 
samples oxidized in 0.81 mM tetraborate for 200 min at room 
temperature. This is the largest quantum yield for LPSiNPs 
reported to date. As mentioned above, it is known that the for-
mation of a native oxide layer on the Si surface can lead to an 
increase in the PL intensity because the oxide passivates nonra-
diative surface defects. However, it is likely that the oxide layer 
formed at higher tetraborate concentrations does not suffi -
ciently passivate the defects due to the high rate of the reaction. 
On the other hand, the smaller maximum PL intensity observed 
for the samples measured at lower tetraborate concentrations 
and in tetraborate-free deionized water presumably result from 
too rapid dissolution of the passivating silicon oxide. [ 41 ]  From 
these results, we conclude that it is important to control both 
the rate of oxidation and the rate of oxide dissolution to maxi-
mize PL from LPSiNPs.  

 Aqueous stability of the LPSiNPs is a key issue for long-term 
in vivo drug delivery and bioimaging applications. Impor-
tantly, the tetraborate treatment also resulted in a consider-
able increase in the aqueous stability of LPSiNPs. Stability of 
the LPSiNPs was tested by incubation in aqueous phosphate 
buffered saline (PBS) of physiological pH and ionic strength 
at 37 °C. Samples of LPSiNPs prepared using the optimized 
tetraborate treatment were compared with LPSiNPs prepared 
via the previously reported 2-week oxidation in deionized water. 
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 Figure 5.    a,b) Integrated intensity of PL (λ em  from 550 nm to 980 nm) of 
LPSiNPs (0.37 mg mL –1 ) allowed to react with different concentrations of 
aqueous sodium tetraborate as a function of reaction time: a) Reaction 
time 0–1600 min. Sodium tetraborate concentrations (for the indicated 
traces): 16.26 mM (red squares,   ), 8.13 mM (blue circles,   ), 4.06 mM 
(green up triangles,   ), 1.63 mM (orange down triangles,   ), 0.81 mM 
(violet left triangles,   ), 0.41 mM (pink right triangles,   ). b) Reaction 
time 0–40,000 min: 0.41 mM (pink right triangles,   ), 0.16 mM (dark blue 
diamonds,   ), pure H 2 O control with no sodium tetraborate (light green 
stars,   ). c) Maximum integrated PL intensity from the traces in plots 
(a) and (b), as a function of sodium tetraborate concentration.
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Stability was assessed by measurement of the spectrally inte-
grated PL emission intensities as a function of time ( Figure    6  ). 
The tetraborate-free, water-oxidized LPSiNPs (QY ≈9.8%) lost 
50% of their original PL intensity in 30 min, consistent with 
a previous report. [ 10 ]  The tetraborate-oxidized LPSiNPs (QY 
≈23.1%) showed slower degradation kinetics, losing 50% of 
their original PL intensity in 2 h. Thus the tetraborate oxidation 
method provides material with 2× greater quantum yield and 
4× longer residence time at physiologic pH and temperature 
than the water oxidation method.   

  3.     Conclusion 

 Aqueous sodium tetraborate solutions provide a mild and rapid 
(2 hr) means to prepare Si/SiO 2  core/shell nanoparticles from 
porous Si nanoparticles. Systematic optimization of reaction 
conditions provided a material with greater stability in aqueous 
PBS solutions (2 hours) and larger photoluminescence quantum 
yield of 23% (λ ex : 365 nm) than material made via oxidation in 
pure water. During the aqueous oxidation in tetraborate, the 
wavelength of maximum PL shifts to higher energy while the 
spectral bandwidth remains approximately constant (at 200 nm 
FWHM) with time. The PL intensity is observed to gradually 
increase, reach a maximum, and then decrease. The time course 
of this process depends on the concentration of nanoparticles, 
the concentration of free silicic acid, and on the concentration 
of borate, and is interpreted as a trade-off between oxidation of 
the Si core and dissolution of the SiO 2  shell.  

  4.     Experimental Section 
  Materials : Silicon wafers (≈1 mΩ cm resistivity, <100> orientation) 

were obtained from Virginia Semiconductor, Inc. Sodium tetraborate 

decahydrate, silicic acid and rhodamine 6G ware purchased from Sigma-
Aldrich Chemicals. Phosphate buffered saline (PBS, 1×, Gibco, pH 
7.4) without Mg 2+  and Ca 2+  was obtained from Life Technologies. All 
chemicals were used without further purifi cation. 

  Preparation of Luminescent Porous Silicon Nanoparticles (LPSiNPs) : 
Porous silicon fi lms were prepared by electrochemical etch of highly 
boron-doped p ++ -type single-crystal silicon wafers in an electrolyte 
consisting of 3:1 (by volume) of 48% aqueous HF:ethanol. The etching 
waveform consisted of a square wave in which a lower value of current 
density of 50 mA cm –  2  was applied for 1.8 sec, followed by a higher 
value of current density of 400 mA cm –  2  for 0.36 sec. This waveform was 
repeated for 140 cycles, generating a perforated PSi fi lm with alternating 
layers of high and low porosity. [ 14,36 ]  The etched porous nanostructure 
was removed from the Si substrate by application of a current pulse 
of 3.7 mA cm –  2  for 250 sec in a solution of 1:29 (by volume) of 48% 
aqueous HF:ethanol. The freestanding PSi fi lm was fractured by 
ultrasonication (50T, VWR International) overnight, and the resulting 
colloidal dispersion of PSi nanoparticles was used without fi ltration. 
The PSiNPs (0.37 mg/ml) were then immersed in aqueous solutions of 
sodium tetraborate of various concentrations (0–16.26 mM) to activate 
photoluminescence, and PL spectra of the resulting LPSiNPs were 
monitored at each time point. 

  Characterization : Scanning electron microscope (SEM) images were 
obtained with an FEI XL30 fi eld-emission instrument operating in 
secondary electron imaging mode. Transmission electron microscope 
(TEM) images were obtained on a JEOL-1200 EX II instrument operating 
at 120 kV. Dynamic light scattering (DLS, Zetasizer ZS90, Malvern 
Instruments) was used to determine the hydrodynamic size of the 
nanoparticles. The PL spectra ( λ  ex : 365 nm) were obtained using Ocean 
Optics QE-65 spectrometer with 460 nm long-pass emission fi lter. The 
quantum yield (QY) of LPSiNPs in ethanol was measured using the 
comparative method, using Rhodamine 6G in ethanol as a standard. [ 46 ]  
A series of solutions of Rhodamine 6G or LPSiNPs were prepared with 
concentrations adjusted such that the optical absorbance values were 
between 0 – 0.1 at 365 nm. The PL spectra were measured ( λ  ex  = 365 nm) 
and the PL intensity was integrated between the wavelength values 
500–980 nm. Quantum yields were determined by comparison of 
the integrated PL intensity vs absorbance curves (Figure S7 in the 
Supporting Information), assuming QY of 95% for the Rhodamine 6G 
standard.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 6.    Integrated PL intensity (λ ex : 365 nm, λ em : 550–980 nm) from 
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(QY ≈23.1%)).
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