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We use time-resolved photoluminescence (PL) kinetics and PL intensity measurements to study the decay of
photoexcitations in colloidal CdSe/ZnS nanocrystals grafted on SiO2 − Si substrates with a wide range of the
SiO2 spacer layer thicknesses. The salient features of experimental observations are found to be in good agreement
with theoretical expectations within the framework of modification of spontaneous decay of electric-dipole
excitons by their environment. Analysis of the experimental data reveals that energy transfer (ET) from nanocrys-
tals into Si is a major enabler of substantial variations in decay rates, where we quantitatively distinguish
contributions from nonradiative and radiative ET channels. We demonstrate that time-resolved PL kinetics
provides a more direct assessment of ET, while PL intensity measurements are also affected by the specifics
of the generation and emission processes. © 2013 Optical Society of America

OCIS codes: (300.6500) Spectroscopy, time-resolved; (250.5230) Photoluminescence; (260.2160) Energy
transfer; (160.4760) Optical properties.
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1. INTRODUCTION
Energy transfer (ET) is an important phenomenon that can
substantially modify the lifetime of excited states of various
fluorophores [1]. One of the well-characterized mechanisms
of ET is Förster (or fluorescence) resonance energy transfer
(FRET) that has become a frequently used photophysical tool
in analytical chemistry and biological research [1–3]. FRET is
a nonradiative (NR), dipole–dipole interaction assisted [1,4,5],
process of ET between proximal energy donor and energy
acceptor species. Common FRET techniques rely on measure-
ments of photoluminescence (PL) quenching of the donor
emission and (to a lesser extent) enhancement of the PL of
the acceptor. The advent of single molecular (sm) detection
methods led to the widespread use of the sm-FRET techniques
[1] to obtain accurate information about fluorophores’ loca-
tions due to the sensitive, ∝ 1∕r6, dependence of FRET on
separation distance r between two small donor and acceptor
species.

ET can also become a crucial enabler in hybrid nanostruc-
tures judiciously designed for optoelectronic applications
[6,7] and involving various organic and inorganic components
with the roles of energy donor and acceptor [8–13]. In photo-
voltaics-oriented hybrids, it is envisioned that the incident
solar light is efficiently harvested in its strongly absorbing
component followed by energy (exciton) diffusion and trans-
fer across the interface into the other, high carrier mobility,
component where the separation and transport of charge car-
riers takes place. The idea of external NRET-sensitization of
inorganic semiconductors for photovoltaic (PV) applications,
probably first discussed by Dexter [14], received a renewed
attention recently with the help of colloidal nanocrystal

quantum dots (NQDs) as a different type of the sensitizer
[8–12]. NQDs possess attractive properties and serve as good
light absorbers and quantum emitters; they are photostable
and their size-dependent band gaps allow for easy tuning of
the PL emission wavelength. NRET with NQD fluorophores
has been under studies in biological systems [1,3] as well
as in dense assemblies [15].

Our recent experiments have demonstrated that photo-
excited NQDs can act as efficient energy donors for adjacent
silicon materials, including both thick substrates [10,12] and
ultrathin (∼50–300 nm) Si nanomembranes [11]. Hybrid nano-
structures combining NQDs with crystalline Si layers there-
fore offer a potential for development of novel ET-based
thin-film PV devices. Our analysis of the PL decays for NQDs
in the vicinity of Si substrates in fact identified and distin-
guished two ET mechanisms: in addition to NRET, we found
that radiative energy transfer (RET) can be a substantial con-
tributor, particularly toward near-infrared wavelengths [12].
While NRET corresponds to the direct production of electron-
hole pairs [16] in Si by the dipolar field of NQD excitons,
efficient RET is enabled by preferential decay of excitons into
photonic modes that propagate only within substrates (wave-
guiding modes in thin layers [5]). These mechanisms have
different dependence on NQD distance r from the substrate:
NRET exhibits ∝ 1∕r3 scaling typical for transfer into an
underlying bulk array of acceptors [15,17,18] and is estimated
to be effective over distances of several nanometers. RET,
however, can be a considerably longer-range process. The
rationalization of experimental observations within this pic-
ture follows from a good agreement with theoretical calcula-
tions [11,12] employing the frequency-dependent dielectric
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properties of Si [19]. The NQD-on-Si-substrates systems thus
also make an interesting “case study” for a well-known
problem of modification of radiative lifetimes of electric-
dipole emitters in the vicinity of polarizable environments
[5,17,20]. Various metallic and semiconductor nanostructures
are studied nowadays for purposes of “radiative decay engi-
neering” [1] and even for engineering of spontaneous emission
patterns [21].

In this paper, we extend our earlier studies of ET from
colloidal CdSe/ZnS nanocrystals (vacuum peak emission
wavelength λ0 ≃ 565 nm) into Si substrates by providing a de-
tailed comparison of time-resolved measurements of NQD PL
kinetics with measurements of NQD PL emission quenching.
The comparison is made for a multitude of samples with a
wide range (approaching ∼0.7λ0) of in situ controlled thick-
nesses d of the SiO2 spacer layer separating NQDs from the Si
substrate. In this way, we are able to better distinguish and
characterize ET mechanisms and particularly to follow RET
at larger separations. We also illustrate an important methodo-
logical point that the interpretation of the PL intensity data in
such layered systems requires special care as photon counts
can be affected not only by ET but also by the specifics of the
optical generation rates and emission collection. This is unlike
typical experimental conditions in solution environments,
where the rate of molecular excitation and proportion of the
collected PL emission are largely independent of the molecu-
lar arrangement. Indeed, the interference effects in multilay-
ered structures modify the electric field intensity at the
surface thereby modifying the number of photogenerated
NQD excitons. The radiative emission pattern is also well-
known to depend on the geometry [5], and different relative
amounts of emission may be collected with the same objec-
tive. We employ the macroscopic electrodynamics framework
[5] to evaluate various decay channels of NQD excitons and
show variations of the angular PL emission pattern as a func-
tion of thickness d of the spacer layer. A good correspondence
with the amount of the experimentally observed PL is
achieved when the interference of the excitation field is taken
into account that modulates the number of the photogener-
ated NQD excitons. PL lifetime changes, on the other hand,
are not affected by these peculiarities and thus serve as a
more direct quantitative measure of ET processes.

2. EXPERIMENTAL DETAILS
Bulk crystalline Si substrates were first thermally oxidized in
the clean room environment to create a thick (400 nm) SiO2

layer. The substrate was then vertically dipped into 1% HF
etching solution and removed from the solution in a step-like
fashion, resulting in SiO2 terraces with a variety of thicknesses
d of the spacer and several millimeters width each. For each
step, thickness d was measured via spectroscopic ellipsome-
try using a standard model of the SiO2 layer on silicon. The top
surfaces were subsequently functionalized as previously
described [22–24] to eliminate surface defects and achieve
a controlled attachment of NQDs. The functionalization is
based on two approaches depending on the starting surface.
For oxide-free Si surfaces, a hydrosilylation reaction is per-
formed using ethyl undecylenate molecules, which leads to
to a carboxylic-acid-terminated alkyl chain monolayer after
transformation of the head groups [22]. For silicon oxide
(SiO2) or pure glass surfaces, the freshly cleaned samples

are immersed in a preheated (70°C) anhydrous toluene solu-
tion containing 0.2% of triethoxysilyl undecanal (C11-Ald)
molecules for 12 h in a recirculation glove box (anhydrous
conditions). Water soluble colloidal CdSe/ZnS NQDs emitting
at λ0 ≃ 565 nm are purchased from Invitrogen [Qdot 565 ITK
amino (PEG), # Q21531MP] and used as received. Their opti-
cal properties are well characterized by the manufacturer and
the in-home measured emission spectrum is available in [10].
The attachment of NQDs is performed differently depending
on the head groups: (a) for the carboxyl terminated head
group, the sample is immersed in an MES (2-morpholinoetha-
nesulfonic acid) solution containing EDC [1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide] (0.8 mg∕ml) and with
NQD concentration of 15 nM; (b) for the aldehyde terminated
head group, the sample is exposed to an NQD solution
containing some sodium cyanoborohydride (5 mM). The mea-
sured ellipsometric thicknesses of SAM molecules employed
in these attachments are 1.5 nm and 2� 0.2 nm. The chemis-
try of our linkers ensures their direct attachment to the NQD
body surface resulting thus in the center of NQD to the top
surface distances of approximately 3.7 and 4.2 nm, respec-
tively. As discussed in our previous work [10,12], the concen-
trations used correspond to submonolayer NQD coverages in
order to avoid ET effects between NQDs that typically com-
plicate the data interpretation. The samples are left for 90 min
for adsorption, rinsed at least twice with deionized water and
dried under the N2 gas.

PL lifetime and intensity measurements were performed in
the microscope-based photoluminescence (μ PL) system.
Samples were excited by 400 nm laser pulses from a pulse-
picked, frequency doubled femtosecond Ti:sapphire oscillator
(Coherent MIRA). The pump power was adjusted such that
one laser pulse excited less than 0.1 exciton per NQD on aver-
age. Low pumping power allowed us to eliminate the possibil-
ity of exciton–exciton interaction effects. A laser beam was
focused on the sample by an Olympus air microscope objec-
tive (40×, 0.6 NA). The PL signal emitted into the collection
aperture of the objective lens (full collection angle of 73.7 de-
grees) was collected and sent to the detection system, see
Fig. 1. The collected emission passes through a spectrometer
and is directed either to a CCD camera for a spectral analysis
or to a sensitive photon detector (MicroPhoton Devices) for
the wavelength-dependent PL lifetime detection. PL decays
were collected via the time-correlated single-photon counting
(TCSPC) performed on board of Pico300E photon counting
hardware (PicoQuant GmbH). The overall time resolution
was better than 50 ps. All measured PL lifetimes for NQDs
grafted on Si and SiO2 surfaces are well fitted with monoex-
ponential curves, indicating a high uniformity of NQD environ-
ments and attesting to the high-quality of the commercial
NQDs and nearly perfect grafting method that electronically
passivates the surface. Measurements of ET processes can
thus proceed unobscured by extraneous decay channels such
as the charge carrier trapping typical for NQDs placed on
untreated surfaces.

3. RESULTS AND DISCUSSION
It is well recognized that the spontaneous decay of an
excited species depends on the local density of electromag-
netic modes which can be strongly affected by the environ-
ment [5], hence the “radiative decay engineering” [1]. The
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environment also influences the angular patterns of spontane-
ous emission observed in PL experiments. The subject has
been extensively studied since original Sommerfeld’s treat-
ment of the emission by an antenna located near the earth’s
surface [25,26]. A powerful macroscopic electrodynamics
framework has been developed to evaluate electromagnetic
decay rates and emission patterns for oscillating dipole emit-
ters in the environments characterized by their frequency
ω-dependent complex dielectric functions ϵ�ω� � ϵ0�ω��
iϵ00�ω�. This description has been applied to dipoles in differ-
ent geometries and media that compares well to experimental
data [5,17,27]. For weak exciton-field coupling, the results
obtained in the quantum picture of the exciton decay due
to fluctuations of the electromagnetic field are identical to
those obtained with classical dipoles (Section 8.4 of [5]). Par-
ticularly many explicit results have been derived for stratified
media (see, e.g., [5,17,28]), which is exactly the case for our
experimental geometries. For the reader’s convenience and
logical consistency, we provide below a brief exposition of
some results that are relevant for the discussion of salient
features of our experimental observations displayed in
Figs. 2 and 4.

Describing the NQD exciton as an ideal point electric-
dipole emitter (effective dipole transition moment p) at the
NQD center, its decay in vacuum is purely radiative, with the
lifetime τ0 and decay rate Γ0 � 1∕τ0 known to be

Γ0 �
k30jpj2
3πϵ0ℏ

; (1)

where k0 � ω∕c � 2π∕λ0 is the emission wavenumber [5]. This
decay rate relates to the corresponding power P0 emitted by a
classical dipole. If the dipole is positioned at distance z above
a layered substrate, its electromagnetic decay rate is modified
to Γ found from

Γ∕Γ0 � 1� I�0;∞�; (2)

I�a; b� � Re
Z

b

a

sds

2
�������������
1 − s2

p ��2s2 − 1�r�p��s� � r�s��s��

× exp
�
2ik0z

�������������
1 − s2

p �
: (3)

(The decay rate of a dipole generally depends on its orienta-
tion; Eq. (3) is a result of averaging Eq. (10.26) of [5] over

random orientations.) Here, r�s� and r�p� are the reflection
coefficients for respectively s- and p-polarized waves [5] that
contain information on the dielectric properties of the
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Fig. 1. Schematics of the microscope-based TCSPC experiment used to study PL from NQDs on various substrates.
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Fig. 2. (a) Examples of NQD PL decays on bare Si and on SiO2 − Si
substrates with thin spacer layers as indicated with values of their
normalized thickness d∕λ0. The corresponding PL lifetimes extracted
from mono-exponential fits to these decay curves are shown by color-
coordinated dots in the inset on panel (b). (b) Measured NQD lifetimes
(black dots) as a function of the normalized thickness d∕λ0 of the SiO2
layer over an extended range of thicknesses. The black dashed–dotted
line shows the result of calculations as per Eq. (2) with silicon’s
ϵ00 � 0, while the red solid curve with ϵ00 � 0.3. The inset displays
an expanded view for very thin spacers where NRET contribution
is significant.
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substrate. In our case the substrate structure involves two
interfaces: air∕SiO2 and SiO2∕Si, as taken into account for
calculation of reflection and transmission coefficients. Upon
reflection/refraction at planar interfaces, the in-plane (parallel
to the interface) components of the wave vector are con-
served. The integration variable s in Eq. (3) relates magnitude
k∥ of those in-plane components to the vacuum wave number
k0∶k∥�s� � sk0. Consequently, the normal component of the
wave vector kzi in each of the layered spatial regions (index
i) is determined by the dielectric function ϵi of that layer

k2zi�s� � �ϵi − s2�k20: (4)

For our weakly-absorptive (ϵ00 ≪ ϵ0) dielectric SiO2 − Si sub-
strates, the integration range in Eq. (2) can be meaningfully
separated into parts limited by different values of refraction
indices ni�≃

����
ϵ0i

p � of the layers, allowing one to distinguish
between “propagating” [real or nearly real kzi values as per
Eq. (4)] and evanescent (imaginary kzi values) character of
the waves in the respective spatial regions. In our computa-
tional illustrations below, we adopt the values of refraction
indices nG � 1.5 in SiO2 and n≃ 4.04 in Si. The latter quantity
corresponds to ϵ0 � 16.3 and ϵ00 � 0.3 used here as represen-
tative values for silicon’s dielectric function in the spectral
region of our NQD emission line [19].

Equation (4) makes it clear that contribution

1� I�0; 1� (5)

to Eq. (2) describes the decay into photons with the propagat-
ing character in the whole space (“allowed light” in the
parlance of [5]). On the other hand, contribution

I�1; n� (6)

describes the decay into the electromagnetic modes whose
fields are evanescent outside of the substrate (“forbidden
light”) but would have the propagating character in Si. Of
course, the “propagating” modes would in reality experience
absorption in Si due to a finite value of its ϵ00. It is, however,
important to emphasize that the decay channels (5 and (6) are
radiative: they exist for ϵ00 � 0 and in fact do not practically
change for small finite values of ϵ00.

A very different type of decay, however, corresponds to
contribution

I�n;∞� (7)

in Eq. (2). Evidently, by Eq. (4), there are no propagating
electromagnetic modes corresponding to this range of
variable s. Contribution (7) would vanish for ϵ00 � 0 and is
practically proportional to ϵ00 for the small absorption. It thus
describes a purely nonradiative process due to dissipative
losses [5,7] induced by the electrostatic-like near field of
the dipole in Si.

More detail and insight for the radiative processes are
obtained in their angular emission patterns that we illustrate
in Figs. 3 and 4. Upon integration over the azimuthal angle ϕ
and averaging over random dipole orientations, Eq. (10.43) of
[5] yields the following expressions for the power p�θ� emitted
into the polar angle sin θdθ. For the emission “up,” into the air
semi-space, one derives

p↑�θ�
P0

� 1
2
� jr�p�j2 � jr�s�j2

4

� 1
2
Re��r�s� − cos 2θr�p��e2ik0z cos θ�: (8)

For the emission “down,” into the Si semi-space, the result is

p↓�θ�
P0

� n3 cos2 θ
4j1 − αj e

−2k0zIm
� ������

1−α
p �

× �jt�p�j2�j1 − αj � α� � jt�s�j2�;

(9)

where α � n2 sin2 θ. Equations (8) and (9) feature reflection,
r�s� and r�p�, and transmission, t�s� and t�p�, coefficients as func-
tions of angle θ in the corresponding emission directions.
Equation (9) clearly shows the significance of critical
angle θ1 � arcsin�1∕n�≃ 14.3°. Another relevant angle θ2 �
arcsin�nG∕n�≃ 21.8° arises in the context of the transmission
coefficients t through the spacer layer.

Figure 2(a) shows few representative PL decay traces for
NQDs grafted on bare Si and on SiO2 − Si substrates with thin
SiO2 spacer layers. We have extracted decay lifetimes from
mono-exponential fits to such traces for a variety of spacers
and plotted them as a function of the normalized spacer thick-
ness, d∕λ0, in Fig. 2(b). The observed variation of lifetimes
should be compared with lifetime τG ≃ 12.8 ns measured
[10] for NQDs on the reference glass substrate, d → ∞. Apply-
ing the model description of Eq. (2) for the ratio of decay life-
times on our SiO2 − Si samples and on the reference glass
substrate, we can now generate theoretical curves to compare
against experimentally observed data. Figure 2(b) displays
two theoretical curves: the red line calculated with silicon’s
dielectric parameters ϵ0 � 16.3 and ϵ00 � 0.3, and the black
dashed–dotted line, for which we completely eliminated the
dissipative part, ϵ00 � 0 in calculations. The same distance z �
0.007λ0 from the dipole to the top surface of the structure was
used. A good agreement between major features of the exper-
imental data and the red theoretical curve is evident over the
whole range of the spacer thicknesses. It is also transparent
that there is no practical difference between red and black
theoretical curves for spacers thicker than approximately
10–15 nm. The nonradiative contribution, Eq. (7), is therefore
negligible for thicker spacers and the decay rate is entirely
determined by radiative processes (5) and (6). As another
qualitative confirmation, experimental lifetimes with thicker
spacers clearly exhibit an oscillatory behavior in Fig. 2(b)
characteristic of the radiative processes and related to inter-
ference effects [5,17].

For thin spacers, however, the difference between red and
black theoretical curves can become very substantial, see the
inset in Fig. 2(b). In this region, only the red theoretical curve
agrees well with the pattern of the observed lifetimes. At these
distances from the Si material, therefore, NRET from NQDs
into Si, contribution (7), plays a significant role. In fact, for
proximal NQDs grafted directly on the Si surface, NRET is
a dominating decay process. Indeed, if one were to take
the theoretical estimate for the radiative decay time τrad ≃
5.1 ns of proximal NQDs from the inset in Fig. 2(b) and com-
pare it to the measured lifetime τSi ≃ 1.7 ns, NRET would
constitute a 1 − τSi∕τrad ≃ 67% fraction of the total decay rate.
It is common to represent the NRET rate to a bulk layer
of acceptors at distance r from the dipole in the form
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ΓNRET∕Γ0 � �R0∕r�3 referring to distance R0 at which the
NRET rate becomes equal to radiative decay rate (1) in vac-
uum. If we were to apply this relationship to the proximal
NQDs with r ≃ 4 nm and using estimated τNRET ≃ 2.55ns
and τ0 ≃ 21.3 ns (from measurements on the glass reference),
R0 would be roughly estimated as 8 nm for this emission wave-
length. This estimate from proximal NQDs does not take into
account extra dielectric screening due to spacers and/or the
medium containing NQDs. In terms of the relationship to
actual radiative processes, it is also important to keep in
mind that the latter themselves are substantially accelerated
in the vicinity of the high-refractive-index Si material and may
therefore dominate over NRET at distances r � R0.

A more detailed look into radiative processes is facilitated
by theoretical illustrations in Fig. 3. Panels (a)–(c) of this
figure show how substantially the radiative emission pattern
can vary as a function of the SiO2 spacer thickness. A common
feature of all patterns, however, is that radiation into the Si
semi-space dominates over radiation into the air semi-space.
This domination is particularly significant for thinner,
d∕λ0 ≲ 0.1, spacers, as shown quantitatively via the integrated
results in panel (d). While the emission of the “forbidden
light,” Eq. (6), of course takes place only into the Si
semi-space, the “allowed light,” Eq. (5), is emitted into both
air and Si. Panel (d) shows that their relative amounts are
comparable to each other but overall suppressed with respect

to the power emitted in vacuum. The forbidden light emission
due to the evanescent fields is, on the contrary, enhanced with
respect to the emission in vacuum and constitutes the major
contribution to the radiative decay. The electromagnetic
modes radiated into Si will eventually get absorbed producing
electron-hole pairs and realizing thus radiative ET from NQD
excitons into Si. In thin Si films (as opposed to bulk Si), the
absorption of “allowed” photons would be only partial, while
the “forbidden” photons do not leave Si and propagate along
Si slabs as waveguiding modes. That is why we chose to define
RET for our applications as only due to radiation involving
evanescent fields [11,12], as is shown schematically in panels
(a) and (b). The red line in panel (e) displays the proportion of
so defined RET in the total radiated power. For very thin
spacers, this proportion is largely determined by the high in-
dex n of Si as the direct coupling of the NQD dipole and the
evanescent fields of Si-based propagating modes (“tunneling”
through the spacer) is efficient. The latter corresponds to the
black curve in panel (e) that shows how this coupling be-
comes inefficient for thicker spacers. The proportion of
RET for thick spacers is then determined by the refractive in-
dex nG of SiO2 and comparable to that on the reference glass.
In other words, the integral (6) in this case is practically equal
to I�1; nG�. This is also nicely illustrated by panel (c) that
shows that RET is practically limited to angles between criti-
cal θ1 and θ2 (no tunneling): photons radiated by the NQD into
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the spacer propagate there in various directions before
refracting into Si according to the usual rules.

The time-resolved PL decay measurements require the use
of pulsed lasers and TCSPC equipment. A much more
common method, often used in sm-FRET studies, is to mon-
itor PL intensity quenching of energy donors as a function of
the separation distance from acceptor(s). The latter measure-
ments can be implemented with continuous-wave (cw) lasers
and even with fluorescence lamps as excitation sources. In
our experiments, we monitored PL emission intensity along
with the time-resolved traces. Black dots in Fig. 4(a) show
the experimental data for integrated PL emission intensity
as collected by our microscope objective with the aperture
angle of about 73.7°. We already illustrated the variation of
PL patterns (8) in Fig. 3, and more examples are provided
in panel (b) of Fig. 4. Upon integration of the directed emitted
power over the shown objective’s cone, one arrives at the
result displayed in Fig. 4(a) as the green dashed–dotted
curve. This curve exhibits a substantial periodic modulation
similar to the modulation for the green curve in Fig. 3(d)

and reflecting the interference effects due to the spacer
thickness. The discrepancy between the green curve and
the experimentally observed pattern is evident.

It is important to recognize at this point that the theoretical
green-curve results show the modulation of the PL intensity
per one NQD exciton. The number of the photogenerated
NQD excitons, however, depends on the intensity of the laser
excitation field at NQD positions, which in turn is modulated
in our SiO2 − Si structures due to interference. The corre-
sponding excitation modulation pattern calculated for our la-
ser’s λexc � 400 nm is shown in Fig. 4(a) as the blue dashed
curve. As expected, this pattern exhibits a pronounced mini-
mum at d � 0 due to a destructive interference caused by a
phase shift between incoming and reflected waves at the high
refractive index Si surface. The minimum is then periodically
repeated consistently with the excitation wavelength inside
the spacer. The superposition of the excitation and the emis-
sion profiles (the normalized product of the blue and green
curves) is shown as the red line in Fig. 4(a) and agrees rather
well with the trends displayed by the experimental data. We
thus conclude that measurements of PL intensity quenching in
the vicinity of multilayered dielectric structures are strongly
affected by the specifics of the excitation and emission
patterns and therefore need to be carefully analyzed for
extraction of the underlying exciton decay rates.

The overall good agreement seen in Figs. 2 and 4 between
salient features of experimental observations and theoretical
expectations is likely indicative of the basic adequacy of the
simplest theoretical model we employed. We stress in this
regard that we intentionally have not attempted here to do
fitting of the experimental data by modifying model parame-
ters or by extending the model, e.g., via integrating over the
(quite narrow) emission line or with variable weights from
different dipole orientations, etc. Our goal has rather been
to rationalize the major trends observed in experimental data
that would allow us to draw conclusions on the nature of ET
processes from photoexcited NQDs into adjacent Si
substrates. The rationalization achieved here and in our pre-
vious studies [10–12] further attests to the generality of
macroscopic electrodynamics framework [5,17] developed
for understanding of the environment-dependent electromag-
netic decay rates.

4. CONCLUSIONS
In summary, we performed a combined experimental and
computational study of the decay of photoexcitations in indi-
vidual NQDs grafted on SiO2 − Si substrates with a variable
thickness of the SiO2 spacer layer. The study involved both
time-resolved PL kinetics and PL intensity quenching. We
showed that the salient features of experimental observations
can be well understood within the picture of the modification
of spontaneous decay of electric-dipole excitons by their envi-
ronment. The corresponding analysis of the experimental data
reveals that ET from NQDs into substrates is a major enabler
of substantial variations in spontaneous decay rates. We have
demonstrated that while time-resolved PL kinetics provides a
direct access to the assessment of ET processes, PL intensity
measurements can be affected by the specifics of the optical
generation and emission collection and therefore need to be
processed more carefully for interpretations.
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Fig. 4. (a) PL emission intensity from NQDs as a function of the
thickness of the SiO2 spacer layer. Black dots show experimental re-
sults as collected. The green dashed–dotted line shows the variation
of the emitted power per one NQD exciton following from the inte-
gration of corresponding radiation patterns in panel (b) over objec-
tive’s acceptance cone. The blue dashed line shows the variation
of the intensity of the excitation laser field (λexc � 400 nm) at NQD
positions reflecting thus the number of photogenerated excitons.
The red line is a normalized product of the green and blue curves that
is compared to the experimental data points. (b) PL emission patterns
for several spacer thicknesses as indicated along with the collection
cone of the objective used in experiments.
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Two distinct mechanisms of ET into Si can be identified to
be at work in our experimental system. NRET is a major
contributor for proximal NQDs in this spectral range
�λ0 ≃ 565 nm� but relinquishes its dominating role already
at distances ≲10 nm from the Si surface. NRET corresponds
to the direct production of electron-hole pairs in Si and its rate
is ultimately tied to the magnitude of the imaginary part ϵ00 of
silicon’s dielectric function. Radiative ET (RET), on the other
hand, relies on the real part ϵ0 of the dielectric function and is
an efficient process thanks to a high refraction index n≃ 4 of
Si. In RET process, the exciton preferentially decays into
electromagnetic modes propagating only in the substrate.
The efficient direct coupling of NQD excitons to Si-based
modes takes place at distances≲0.1λ0 making it a much longer
range process than NRET. RET is even longer-ranged when
assisted by propagation in the spacer layer. For thin-film sub-
strates, RET results in the excitation of waveguiding modes.
Effective RET coupling was in fact recently demonstrated in
time-resolved PL decay measurements for NQDs grafted onto
ultrathin Si nanomembranes [11]. Waveguiding modes would
propagate along the film getting eventually absorbed and
producing electron-hole pairs in addition to those due to
NRET. The demonstrated high efficiency of ET into Si there-
fore supports the concept of hybrid PV devices where thin Si
films are sensitized by ET from adjacent layers of absorbing
materials.

Given the spectral behavior of silicon’s ϵ�ω�, the relative
role of RET in overall ET actually increases toward the
near-IR region of the spectrum [12]. “Funneling” of emitter’s
dipolar radiation into high-index substrates [29,30], which is
the basis of efficient RET we discussed, can also be used
for various optical applications. Recently, e.g., such an ap-
proach had been successfully applied to greatly enhance the
collection efficiency from single molecules embedded in an
organic layer on top of the sapphire substrate [31]. Collection
of the emitted photons in this case is accomplished via high-
NA immersion objective positioned below the bottom of the
sapphire substrate, that is, employing photons preferentially
out-coupled through the substrate.
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