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ABSTRACT: Reliable quantification of the optical properties of fluorescent quantum Seattering Fluorescence
dots (QDs) is critical for their photochemical, -physical, and -biological applications. Depolarization

Presented herein is the experimental quantification of photon scattering, absorption, and
on-resonance-fluorescence (ORF) activities of CdSe/CdS core/shell fluorescent QDs as
a function of the shell sizes and geometries. Four spherical QDs (SQDs) with different
diameters and four rod-like QDs (RQDs) with different aspect ratios (ARs) have been
analyzed using UV—vis, fluorescence, and the recent polarized resonance synchronous
spectroscopic (PRS2) methods. All quantum dots are simultaneous absorbers and
scatterers in the UV—vis wavelength region, and they all exhibit strong ORF emission in
the wavelength regions where the QDs both absorb and emit. The absorption and 002,
scattering cross-sections of the CdS shell are linearly and quadratically, respectively, oo} A .
proportional to the shell volume for both the SQDs and RQDs. However, the effects of Warsiength ()" e (e
CdS shell coating on the core optical properties are different between SQDs and RQDs.

For RQDs, increasing the CdS shell volume through the length elongation has no effect

on either the peak wavelength or intensity of the CdSe core UV—vis absorption and ORF, but it reduces the QD fluorescence
depolarization. In contrast, increasing CdS shell volume in the SQDs induces red-shift in the CdSe core peak UV—vis absorption and
ORF wavelengths, and increases their peak cross-sections, but it has no effect on the SQD fluorescence depolarization. The RQD
OREF cross-sections and quantum yields are significantly higher than their respective counterparts for the SQDs with similar particle
sizes (volumes). While these new insights should be significant for the QD design, characterization, and applications, the
methodology presented in this work is directly applicable for quantifying the optical activities of optically complex materials where
the common UV—vis spectrometry and fluorescence spectroscopy are inadequate.
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B INTRODUCTION tometers as its absorbance (or absorption extinction)
spectrum.”* "> The validity of this approach has not been
systematically evaluated. In fact, both material light scattering
and absorption contribute to its UV—vis extinction spectrum.”
For dissolved small molecular chromophores, their scattering
cross-sections are usually negligibly small in comparison to
their photon absorption cross-sections.”**” Therefore, their
UV-—vis extinction spectra can be taken as their absorption
extinction (absorbance) spectrum. However, for nanoscale
materials such as fluorescent QDs and molecular aggregates,
the light scattering extinction contribution to the sample UV—
vis extinction spectra may no longer be negligible. Indeed, one
can approximate the QD UV—vis extinction spectrum as its
absorbance spectra only when the ratio between the QD light

Fluorescent quantum dots (QDs) have demonstrated their
diverse applications in bioimaging,' > lasing,”” optical
devices,”” and energy conservations® = owing to their
exceptional fluorescence properties. Core/shell fluorescent
QDs exhibit enhanced photoluminescence quantum yields
(QY), lower oscillator strength for the radiative transitions, and
longer radiative lifetime due to the introduction of shell that
effectively reduces electron—hole spatial overlap and reduction
of trap states.”~"* The QD optical properties can be tuned by
different shell structures and geometries.ls_w A systematic
quantitative understanding of the correlations between QD
shell structures and its resultant absorption, scattering, and
fluorescence activities is key to rationalization of their synthetic
design and optical applications. As an example, reliable
quantification of QD absorption cross-section is important Received: January 2, 2020
for evaluation of the QD fluorescence QY,* brightness,21 Accepted:  March 3, 2020
number of excitons’” and the oscillator strength of the Published: March 3, 2020
transitions.”> However, a general literature practice for

determining QD absorption activity is to assign the QD

UV-—vis extinction obtained directly with UV—vis spectropho-
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scattering extinction and total extinction (or scattering-to-
extinction ratio, SER) is negligibly small.

Herein we reported a series of fundamental optical constant
spectra for QDs differing in their sizes and/or shapes. These
spectra include (1) the QD UV—vis extinction, absorption
extinction, and scattering extinction cross-section spectra. (2)
The QD on-resonance fluorescence (ORF) emission cross-
section and ORF QY spectra. Unlike the commonly measured
Stokes’-shifted fluorescence (SSF) which is detected at
wavelengths red-shifted from the excitation wavelength, ORF
refers to the fluorescence emission occurring at the same
wavelength as the excitation wavelength.zg'29 Furthermore, the
ORF QY is obtained by dividing the QD ORF cross-section
with its absorption cross-section at every excitation wave-
1ength,28 which is therefore the measure of absolute QY for the
ORF emission. In contrast, the SSF QY is obtained by using
external standards as references, therefore, the SSF are relative
and their accuracy depending on the reference samples and
similarity in the optical properties of the reference and the
sample of interest. (3) Light scattering depolarization spectra
and the total fluorescence depolarization spectra.””

With the only exception of the QD extinction spectra, none
of the aforementioned spectra are available before. One key
learning from this work is that while all QDs exhibit intense
light scattering, their UV—vis extinction remains totally
dominated (>99%) by their photon absorption. While this
observation offers a much needed justification to the literature
practice in taking the QD UV—vis extinction spectrum as its
absorbance spectra, the decomposition of the QD UV—vis
extinction spectrum into its absorption and scattering
component spectra provides a series of critical new insights
to the effect of the shell volume and geometry on the QD
optical properties.

The quantification of the QD optical properties was
performed using combination of UV—vis, fluorescence, and
the recently developed polarized resonance synchronous
spectroscopic (PRS2) techniques.”®*° PRS2 is similar to the
conventional resonance synchronous spectroscopic (RS2)
method. Both PRS2 and RS2 spectra are acquired using
spectrofluorometers by setting the excitation and detection
wavelengths identical while scanned synchronously. However,
unlike the RS2 method that uses collimated nonpolarized light
(or plane polarized light) for excitation and detection, PRS2
uses linearly polarized light for both excitation and detection.
Such a change has profound impacts on improving the
reliability of the data interpretation. First, PRS2 enables one to
reliably separate the material ORF from light scattering in the
detected signal. In contrast, RS2 attributes all detected signal
to material light scattering, leading to a highly persistent
literature practice of mistakenly labeling sample RS2 spectra as
its resonance light scattering (RLS) spectrum.?’]_34 Second,
PRS2 measures the material light scattering and ORF
fluorescence depolarization, which is critical to deduce the
three-dimensional distribution of the scattered and ORF
photons for the calculation of the sample light scattering and
ORF cross-sections.”® In contrast, the RS2 method only
measures the photons propagating to the detector placed 90°
relative to the excitation beam. Therefore, the spectra obtained
with the RS2 measurements are instrument dependent and
measurement specific, impossible to quantify the material
fundamental optical constant spectra. Third, the PRS2 corrects
the sample inner filter effect (IFE) introduced by the sample
photon absorption, while the existing RS2 or “RLS” measure-
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ment either ignores the sample IFE or treats the light scattering
and absorption the same in their sample IFE. Recent work has
shown that for samples with a relatively low optical density
(<1.5), only light absorption, but not light scattering
introduces significant IFE.”’

There have been so far four variants of PRS2 methods
differing in their general applicability and implementation
complexity. The first is the direct PRS2 method that is
applicable for all nonphotoluminescent materials and a subset
of photoluminescent samples with zero light scattering
depolarization but unity fluorescence depolarization in the
wavelength region where the sample is ORF active.”® The
second method is a bandwidth-varied PRS2 (BV-PRS2)
technique that is applicable to all samples including the
samples that are simultaneous light absorbers, scatterers, and
emitters under resonance excitation and detection condi-
tions.”> One drawback of the BV-PRS2 technique is tedious
data analysis and processing. The third is the polarized anti-
Stokes-shifted, on-resonance, and Stokes-shifted spectroscopic
(PAOS) method that is also applicable to all samples.”® The
key advantage of PAOS method is that it enables direct
visualization and separation of the light scattering and
fluorescence contribution to the signal detected under
resonance excitation and detection conditions. However, the
spectral acquisition and processing for the PAOS-based PRS2
analysis with the existing commercial spectrofluorometer is
very time-consuming. One complete PAOS spectrum is needed
in order to extract the light scattering and fluorescence
contribution to the resonance signal detected at each
wavelength. The fourth method is the divide-and-conquer
PRS2 technique that uses combination of the direct PRS2 and
the PAOS methods.”” This approach combines high efficiency,
general applicability, and easy understanding. The divide-and-
conquer method first divides the UV—vis extinction spectrum
into two regions based on the sample optical properties under
the resonance excitation and detection conditions. The time-
consuming PAOS technique is necessary only to a narrow
spectral wavelength region (<50 nm) where the samples are
simultaneously photon absorbers, scatterers, and emitters,>°
and the drastically more efficient direct PRS2 method is
applied to the remaining UV—vis wavelength region where the
samples are only simultaneously photon absorbers and
scatterers, or scatterers only under the resonance excitation
and detection condition.

B EXPERIMENTAL SECTION

QD Syntheses and Characterizations. A total of eight
CdSe/CdS core/shell fluorescent QDs, four spherical and four
rod-shaped, are employed as the model QDs (Figure 1). All
SQDs have the same spherical core (4.3 nm in diameter), but
with varying shell thicknesses that result in QD diameters of
5.6 nm, 7.4 nm, 9.2 nm, and 10.8 nm, respectively. For the sake
of discussion convenience, these SQDs are referred to as
SQDS.6, SQD7.4, SQDY.2, and SQD10.8, respectively. The
CdSe core used for the preparation of the rod-shaped QDs
(RQDs) are also spherical, but with a smaller diameter (3.0 nm
in diameter) for easy synthesis of long rods. The four RQDs all
have the same width (44 nm) but with different lengths
(Supporting Information (SI) Figure S1) that result in
different aspect ratios (AR). These RQDs are referred to as
RQD4.8, RQD9.3, RQD12.8, and RQD16.8, respectively,
where the number specifies the aspect ratio of the RQDs.
Detailed syntheses and molarity quantifications are described
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Figure 1. TEM images (A) SQDS.6, (B) SQD7.4, (C) SQD9.2, (D)
SQD10.8, (E) RQD4.8, (F) RQDY.3, (G) RQDI2.8, and (H)
RQDI16.8.

in the Supporting Information. The QD morphology is
characterized by transmission electron microscopy (TEM)
measurements, which were performed on a JEOL 2100F
operated at 200 kV. The QDs were dispersed in hexane after
purification, then drop cast on a 300-mesh copper TEM grid
and dried at ambient condition before TEM measurements.
The ligand binding on QD surface was characterized by
thermal gravimetric analysis (TGA). (Figure 2 and SI Figure
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Figure 2. TGA thermograms of (A) SQDs and (B) RQDs. The
weight loss range highlighted with blue dashed lines are ligand loss
percentages for SQD10.8 in (A) and RQD16.8 in (B) as examples.
The TGA thermograms of the cores are presented in SI Figure S2.

S2) The QD molarity was calculated with information
obtained with TEM and TGA analysis (SI Table S1 and
Table S2). The QD lifetime measurements were performed on
an Edinburgh Instruments Fluorescence Spectrometer FSS.
QDs were dispersed in hexane for measurements. The
fluorescence lifetimes were measured with excitation at 360
nm, with an average acquisition time of 15 min and the sample
optical density at 365 nm of 0.1.

UV-vis, Fluorescence, PRS2, and PAOS spectral
Acquisitions. UV—vis, SSF and PRS2 spectra of the QDs
are showed in SI Figure S3, and PAOS spectra are shown in SI
Figure S4. The UV—vis extinction spectra were measured with
a Thermo Scientific Evoltion 300 UV—vis spectrometer, and
the SSF, fluorescence excitation, PRS2, and PAOS spectra were
acquired with a Horiba FluoroMax-4 spectrofluorometer
equipped with excitation and detection linear polarizers.
Detailed PRS2 and PAOS spectral acquisition and analysis
has been demonstrated before.*® Unless indicated otherwise,
all the spectrofluorometer-based spectra were acquired with an
intergration time of 0.3 s, and a slit width of 2 nm for both the
excitation and detection monochromators. The normalized
spectra were used where the signal intensity was normalized by
the signal from the sample detector and reference detector
(S1/R1) to eliminate light source fluctuations.

Computational Simulations. The QD scattering depola-
rization spectra were computationally simulated by the
Kramers—Kronig transformation method®”*® combined with

the discrete dipole approximation (DDA) method.””*’

Kramers—Kronig transformation method was used to calculate
the index of refraction of QDs, with the experimentally
measured absorption spectra, concentrations, and volumes of
the QDs. Since the index of refraction of the QD is
significantly different from its environment, herein we consider
the wavelength change of the incident light due to the index of
refraction of QD itself instead of pure solvent in the Kramers—
Kronig transformation method. Discrete dipole approximation
(DDA) method was then used to calculate the scattering
depolarization spectra based on the QD geometric parameters
and the obtained index of refractoin of QD.

B RESULTS AND DISCUSSION

Quantification of the QD Optical Spectra. The TEM
images of the CdSe/CdS core/shell QDs are shown in Figure
1. Based on the structural analyses of seeded-grown QDs
performed in previous works,'®*" the CdSe cores are located at
the center in SQDs while at one end in the RQDs as depicted
by the structural diagram (SI Figure S1). The width of all
RQDs are essentially the same based on their TEM images
(Figure 1) and the thermal gravimetric analysis (TGA) (Figure
2). The percentage of mass loss due to the ligand evaporation
in the TGA thermograms are approximately the same for all
RQDs (Figure 2B), which is consistent with the fact that the
surface-to-volume ratios of the used RQDs are very similar due
to their relatively large aspect ratios (SI Table S1). In contrast,
the ligand evaporation-induced mass loss for the SQDs
decreases with increasing QD diameter (Figure 2A), which is
again consistent with the fact that for SQDs, their surface-to-
volume ratios decrease with increasing particle sizes (SI Table
S1).

The shell geometry has enormous impact on the QD
fluorescence depolarization or fluorescence anisotropy. Fluo-
rescence depolarization and anisotropy can be readily
converted into each other.”® We choose to use fluorescence
depolarization instead of anisotropy because depolarization is
far more commonly used in light scattering literatures.
Currently fluorescence depolarization or anisotropy has been
mostly investigated using a single excitation or emission
wavelength. We devised in this work a total fluorescence
depolarization method to probe how the fluorescence
depolarization varies as a function of the excitation and
detection wavelengths (Figure 3A and B, and SI Figure S$ for
their three-dimensional plots). Evidently the RQD fluores-
cence depolarization depends strongly on the RQD sizes and
the excitation wavelengths (Figure 3C), whereas the SQDs
have near unity fluorescence depolarization regardless of the
SQD sizes and the excitation and detection wavelengths
(Figure 3D).

The difference between RQDs and SQDs in their
fluorescence depolarization is most likely due to rotational
diffusion rate. Fluorescence depolarization is a function of
fluorophore rotational correlation time and the fluorescence
lifetime.*” When the fluorophore rotational correlation time is
much shorter than its fluorescence emission lifetime, the
fluorescence emission diploes can adopt any angle relative to
the excitation polarization after fast fluorophore rotations. In
this case, the fluorescence emission is isotropic, which results
in unity of fluorescence depolarization (P* = 1). In contrast, if
the fluorophore rotational correlation time is longer than
fluorescence lifetime, the propagation of the emitted photons
will be anisotropic (P* # 1). Since RQDs and SQDs have
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Figure 3. (A) and (B) show example total fluorescence depolarization
(P) spectra of RQD16.8 and SQD10.8. (C) and (D) show
fluorescence excitation depolarization spectra of SQDs and RQDs.
The polarized fluorescence excitation spectra used for quantification
of depolarization (PF) is presented in SI Figure SS. (E) and (F) are
fluorescence lifetime data of SQDs and RQDs, respectively. The
circles are experimental data and the black traces are exponential
fitting, which follows the two-exponential decay model (SI Tables S3
and S4).

similar fluorescence lifetimes (Figure 3E and F), the fact that
fluorescence depolarizations of RQDs, especially the ones with
large aspect ratios, deviate significantly from unity strongly
suggests that (1), RQDs have longer rotational correlation
time than SQDs, and (2) the rotational correction time of
RQDs are longer than their respective fluorescence lifetime
The scattering depolarizations of both RQDs and SQDs are
negligibly small at the QD emission wavelength region, which
is manifested by the fact that no observable light scattering
signal in the PAOS VH spectra obtained with the QDs (Figure
4R-U, and SI Figure S4). Since the fluorescence depolariza-
tions of SQDs are unity, the efficient PRS2 method is directly
applicable for decomposition of the SQD PRS2 spectra into
their scattering and ORF component spectra, and subsequently
the SQD UV—vis extinction spectra into their absorption and
scattering extinction component spectra.(SI Figure $6)** In
contrast, the PAOS spectra is necessary for quantifications of
RQD light absorption, scattering, and ORF activities in its
OREF active region because the RQD fluorescence depolariza-
tion is strongly excitation wavelength dependent (Figure 3).
The wavelength region where PAOS analysis is necessary
can be readily identified by comparing UV—vis, SSF, and PRS2
VH spectra of individual RQD samples (Figure 4A—D). PRS2
VH refers to the PRS2 spectra taken under condition where
the excitation polarization is vertical (V), but the detection
polarization is horizontal (H) to the plane defined by the
excitation source, sample chamber, and the detector. Only the
wavelength region where all three spectra overlap can ORF
occur, and thereby PAOS spectral acquisitions are required.
The PAOS VV spectra acquired in the ORF-active wavelength
region contain both light scattering, and anti-Stokes-shifted
fluorescence, on-resonance fluorescence, and Stokes-shifted
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fluorescence (Figure 4E—H). In contrast, the PAOS VH
spectra are dominated by the RQD fluorescence with relatively
small light scattering contribution (Figure 4M—P). Using the
method described in the PAOS publication,” the RQD PRS2
VV and PRS2 VH spectra are decomposed into their respective
ORF and light scattering component spectra. (Figure 4I-L,
and R-U).

Effect of Shell Sizes and Geometries on Shell
Scattering and Absorption Cross-Sections. The UV—vis
extinction spectral features of CdSe/CdS core/shell QDs
below 500 nm are dominantly contributed from the CdS shell,
whereas those above 500 nm are predominantly from the CdSe
core.'® It has been known that QD photon extinction increases
with increasing shell volume, but the fractional contributions of
the shell light scattering and absorption have not been
investigated. By decomposition of the QD UV—vis extinction
spectra into their absorption and scattering component spectra,
this work enables us to systematically evaluate effects of shell
size and geometry on the QD absorption and scattering
activity. There are several notable observations. First, while all
QDs exhibit relatively high scattering intensity in the
wavelength region attributed to the CdS shell (Figure SB
and G), the QDs are predominant light absorbers in this
wavelength region since their absorption cross-sections are 2
orders of magnitude higher than their scattering cross-sections
(Figure SB, C, F and G). Second, none of the QDs can be
approximated as Rayleigh scatterers (6 = aA™*) (insets in
Figure SB and G, and SI Figure S9) as assumed in a recent
work,”" despite they are all in the Rayleigh scattering size
domain with dimensions significantly smaller than the
excitation wavelengths from 300 to 800 nm. This observation
is in sharp contrast to the small polystyrene nanoparticles (100
nm in diameter) and solvent molecules that can all be
approximated as Rayleigh scatterers.”” Instead, the wavelength
dependence of SQD and RQD scattering cross-sections can be
approximated with the equation of 6 = aA™¢ (SI Figure S9)
where the fitting coefficient a increases quadratically with
increasing particle sizes. Third, regardless of their geometry,
the absorption cross-section of CdS shell on the SQD and
RQD is linearly proportional to the shell volume, while their
light scattering cross-section increases quadratically with the
latter (Figure SD and H).

Resonance light scattering that occurs in the wavelength
region where the scatterers absorb is likely responsible for the
deviation of QDs from being Rayleigh scatterers.”’ Rayleigh
scattering cross-section equation (¢ = aA™*) is applicable only
to nonabsorbing materials with sizes significantly smaller than
the excitation wavelengths. While the model QDs are in the
Rayleigh scatterers’ size domains, they are all strong light
absorbers in the investigated wavelength regions. The fact that
QD light scattering cross-section follows a wavelength
dependence of ¢ =al™® suggests that the enhancement factor
due to QD resonance light scattering decreases with increasing
wavelength. The latter is consistent with the fact that the
overall QD UV—vis absorption cross-sections decrease with
longer wavelength (Figure SC and H).

The most surprising observation is the remarkably small
light scattering depolarization (P°* < 0.1) of the RQDs
(Figure SE). Earlier works performed with the rod-shaped
(CS,) and spherical shape (CCl,) molecules,” as well as the
spherical and rod-shaped gold nanoparticles (AuNPs)**
revealed that light scattering depolarization is very sensitive
to scatterers’ shapes. While the spherical scatterers have
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Figure 4. (1st row) (black) RQD UV—vis extinction (Ext) spectrum, (red) Stokes’s Shifted Fluorescence (SSF) spectra, and (green) PRS2 VH
spectra of (A) RQD4.8, (B) RQD9.3, (C) RQD12.8, (D) RQD16.8. (2nd row) PAOS VV spectra in the ORF-active region for (E) RQD4.8, (F)
RQD9Y.3, (G) RQD12.8, (H) RQD16.8. (3rd row) Separation of scattering and ORF component in the PRS2 VV spectra with PAOS in the ORF-
active wavelength region for (I) RQD4.8, (J) RQD9.3, (K) RQD12.8, (L) RQD16.8. (4th row) PAOS VH spectra in the ORF-active region for (E)
RQD4.8, (F) RQD9Y.3, (G) RQD12.8, (H) RQD16.8. (Sth row) Separation of scattering and ORF component in the PRS2 VH spectra with PAOS
in the ORF-active wavelength region for (I) RQD4.8, (J) RQD9.3, (K) RQD12.8, (L) RQD16.8.

negligibly small light scattering depolarization (P5® < 0.02),
the scattering depolarization of the rod-shaped scatterers can
be as high as 0.5. As an example, the light scattering
depolarization for the rod shaped CS, molecular is 0.5 from
the 400 to 600 nm region, whereas the peak light scattering
depolarization of the rod-shaped AuNP increases with
increasing aspect ratio.””** The peak scattering depolarization
of the gold nanorod with an aspect ratio of 3.2 is 0.45. While a
similar trend is observed for the spherical and rod shaped QDs,
that the light scattering depolarizations of the SQDs are
smaller than that of the RQDs, and the peak RQD scattering
depolarizations remain very small. The maximum light
scattering depolarization is 0.04 for the RQD with an aspect
ratio as large as 16.8. Computational simulations of the QD
depolarizations agree well with the experimental results (SI
Figure S10S).

Effect of Shell Sizes and Geometries on the Core
Optical Properties. The QD spectral features above the 500
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nm are due predominantly to the CdSe core. Earlier work
established that shell coating enhances core UV—vis extinction
and fluorescence emission.”> However, the enhanced UV—vis
extinction can be due to the increased photon absorption,
scattering, or both, while enhanced fluorescence emission can
be due to the increased QD photon absorbance, fluorescence
quantum yield, or both. The quantitative decomposition of the
QD UV-—vis extinction spectra into their absorption extinction
(absorbance) and scattering extinction spectrum enabled us to
pinpoint the physical origins of the increased core UV—vis and
fluorescence intensity caused by the shell coating.

The shell coating enhances UV—vis absorption (Figure 6A
and B) and ORF (Figure 6C and D) cross-sections of the CdS
cores in both RQDs and SQDs QDs. However, despite their
large difference in their shell volumes, all RQDs have
approximately the same UV—vis cross-sections, ORF cross-
sections, and ORF fluorescence quantum yields (Figure 6A, C,
and E). In contrast, both the absorption and ORF cross-
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section spectra of (C) RQDs and (D) SQDs. ORF QY spectra (ORF
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sections of the CdS cores inside SQDs increase with increasing
shell volume or shell monolayers. These results indicate that
for RQDs, only the initial layer of CdS shell on the CdSe core
is effective in enhancing the core photon absorption and on-
resonance fluorescence. Once the CdS thickness on the RQDs
surpasses a critical volume, further growing the CdS shell has
no impact on either CdSe photon absorption or ORF activities.
In contrast, absorption and ORF activities of the CdSe cores
inside SQDs monotonically increases with increasing CdS shell
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thickness (SI Figure S11). This trend is observed even when
the shell thickness is as large as 3.8 nm in SQD10.8, which is
equivalent to 9.6 monolayers of wurtzite CdS.

The difference in the shell volume dependence of the CdSe
core optical properties between the RQDs and SQDs can be
explained by their different shell geometric characteristics. For
the RQDs, only the initial CdS shell grows three-dimensionally
surrounding the CdSe (Figure 6A and SI Figure S1), further
CdS elongation at one end of the rod is essentially zero
dimensional. Therefore, only the initial three-dimensional CdS
coating, which is the same for all RQDs with different aspect
ratios, is effective in enhancing the CdSe core photon
absorption and fluorescence activities, the subsequent CdS
coatings that define the aspect ratio of the RQDs have no
significant effect on the optical property of the core. As such,
the CdSe core photon absorption and emission properties are
the same in all RQDs despite of their difference in the aspect
ratio and the shell volume.

The quantifications of the UV—vis absorption and ORF
cross-section enable us to determine the QD ORF QY
spectrum, which is the ratio between the QD ORF and
absorption cross-section at the same excitation wavelengths.
Comparing and contrasting the shell thickness dependence of
the core UV—vis absorption cross-section, ORF cross-section,
and ORF QY for the SQDs is revealing. For SQDs, the peak
UV—vis absorption cross-section of the core increases linearly
with further shell coating (Figure 6B and SI Figure S11), but
the peak ORF cross-section increases most effectively with the
initial CdS coating. Further increasing the CdS shell thickness
has no significant effect on the RQD ORF cross-section
(Figure 6D). The ORF QY of the CdSe core in SQDs
increases significantly with the initial CdS coating. However,
further increasing the thickness of the shell reduces the core
ORF QY (Figure 6F). The data for SQDs indicate only the
initial thin layer CdS shell coating are effective in enhancing
both the core UV—vis photon absorption and ORF QY.
Further increasing the shell thickness more effectively increases
the SQD photon absorption, but less effectively increases their
ORF emission due to the reduced ORF QY. While the
fundamental mechanism for this experimental observation will
be subjected to further investigation, the finding is important
for optimizing QD fluorescence QY by design.
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B CONCLUSIONS

Fluorescent QDs are among the most optically complicated
materials because they can simultaneously absorb, scatter, and
emit photons under resonance excitation and detection
conditions. This work quantified for the first time a series of
fundamental optical constant spectra for a series of RQDs and
SQDs that include their scattering, absorption and ORF cross-
section spectra, scattering and ORF depolarization spectra, and
ORF QY spectra. The QD shell scattering cross-section
follows, empirically, ¢ = aA~® where the value of coefficient a
increases quadratically as a function of shell volume, whereas
the shell absorption cross-section increases linearly with the
shell volume for both the RQDs and SQDs. The shell
geometry has significant impact on the QD fluorescence
depolarization. All SQDs of different sizes all have negligible
light scattering depolarization, but unity fluorescence depola-
rization in the entire UV—vis region. The RQD fluorescence
and light scattering depolarization depends strongly on the
shell size and the excitation wavelengths. Furthermore, varying
CdS shell size has no significant effect on the core light
absorption, scattering, and ORF fluorescence activities for the
investigated RQDs, but increasing the shell thickness around
core introduce systematic change in the optical property of the
core in SQDs. Besides providing quantitative insights to the
optical properties of CdSe/CdS core/shell nanoparticles, the
methodology such as the total fluorescence depolarization
measurements, PRS2, and PAOS techniques presented in this
work should be important for a wide range of material
characterization applications.
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