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Abstract

Colloidal semiconductor nanoplatelets with electronic structure as quantum wells have recently
emerged as exciting materials for optoelectronic applications. Here we investigate how morphology
affects important photoluminescence properties of single CdSe and core/shell CdSe/CdZnS nano-
platelets. By analyzing photoluminescence intensity-lifetime correlation and second-order photon cor-
relation results, we demonstrate that, irrespective of morphology, Auger recombination plays only a
minor role in dictating the blinking behavior of the nanoplatelets. We find that a rough shell induces
additional nonradiative channels presumably related to defects or traps of an imperfect shell. Further-
more, polarization-resolved spectroscopy analysis reveals exciton fine-structure splitting on the order
of several tens of meV in rough-shell nanoplatelets at room temperature, which is attributed to exciton
localization and substantiated with theoretical calculations taking into account the nanoplatelet shape

and electron-hole exchange interaction.

1. Introduction

Colloidal semiconductor nanocrystals (NCs) have been attracting considerable interest in both funda-
mental and applied scientific research in the past two decades.!. Compared with the extensively studied
0D quantum dots (QDs) and 1D nanorods/nanowires, only in the past several years have colloidal 2D
nanoplatelets (NPLs) with controllable morphology and dimensions been introduced.*® The NPLs usu-
ally have a lateral dimension larger than the bulk exciton Bohr radius and a thickness of several mono-
layers (MLs), thus representing free-standing quasi 2D quantum wells. With the thickness that is well-
defined and can be engineered with atomic precision, the NPLs have narrow photoluminescence (PL)
linewidths at room temperature not affected by inhomogeneous broadening.” 11> Meanwhile, 2D NPLs
typically have a giant oscillator strength and a fast recombination of band-edge excitons.!® >3 In addi-

tion, interesting directed PL emission perpendicular to the platelet has recently been demonstrated in



CdSe NPLs.!® These remarkable and unique photophysical properties have made the colloidal NPLs very

attractive for a broad range of applications such as lasing and light emitting diodes.!’?

PL blinking (i.e., intensity intermittency), a phenomenon that has been extensively studied in colloi-
dal QDs, has also been reported for single NPLs.'? 2% 2* Several studies have attributed the blinking of
single NPLs to Auger recombination.'? ?* On the other hand, for 2D quantum wells having a strong
electronic confinement mainly in one dimension, there is a theoretically stringent momentum conserva-
tion rule for Auger recombination.'® In fact, suppressed Auger recombination in NPLs has been demon-
strated in multiple works recently.'® 22 Such contradictory reports warrant further investigations re-
garding the Auger recombination and its role in PL blinking behavior in NPLs. In addition, 2D NPLs
have a large surface area. Therefore, shell growth on core NPLs and shell morphology are expected to
have a strong impact on the excited state photophysics and PL spectral properties. Although some fun-
damental PL properties of core/shell (C/S) NPL structures have been reported by several studies,? 2728
up to now morphological effects on PL blinking behavior (in connection with its relation to Auger re-
combination), exciton fine-structure, and PL polarization have not been investigated.

Herein, we study in detail impacts of CdZnS shell growth and shell morphology—smooth or
rough—on PL properties of single CdSe NPLs in terms of PL blinking, Auger recombination, biexciton
quantum yield, polarization, and exciton fine-structure. Specifically, we demonstrate that, irrespective of
shell growth and morphology, Auger recombination plays only a minor role in defining blinking behavior
of'single NPLs. We further report polarization-resolved spectral measurements which reveal exciton fine-

structure splitting in the presence of a rough shell, which is attributed to exciton localization.

2. Results and Discussion

2.1 Morphological and bulk optical characterizations
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Fig. 1 Transmission electron microscopy (TEM) images of core CdSe NPLs (a), CdSe NPLs with smooth CdZnS
shell (b), and CdSe NPLs with rough CdznS shell (c). The insets in (a-c) display TEM images of NPLs standing
on their edges. Yellow arrows in the insets denote edge-on NPLs. Note that the vertically oriented NPLs in most
cases can only be seen in concentrated samples. The bottom panels (d-f) show the absorption (black) and PL

(red) spectra of solutions for the core NPLs, the smooth-shell NPLs, and the rough-shell NPLs, respectively.

The CdSe NPLs were synthesized following previously reported method.!® CdZnS shell were added to
the core CdSe NPLs using modifications of two literature methods, i.e., layer-by-layer growth? and one-
pot continuous shell growth?, resulting in C/S NPLs with smooth and rough shell morphology, respec-
tively (see Experimental Section and Supporting Information). Fig. 1(a-c) displays TEM images for the
core CdSe NPLs, the smooth CdZnS shell NPLs, and the rough-shell NPLs, respectively. The core NPLs
have a lateral dimension of ~7 + 1 nm in width and ~50 + 7 nm in length. In consideration of these lateral
dimensions and the bulk Bohr radius of 5.6 nm of CdSe, there is no confinement along the length and
slight confinement along the width.'? 2 The thickness of core NPLs is ~1.5 nm, based on analysis of
core NPLs standing on their edges (inset of Fig. 1a), which corresponds to 5 monolayers of CdSe. This
thickness also fits in the relationship between thickness and the absorption excitonic peak.?’ For both the

smooth- and rough-shell NPLs (Fig. 1b-c), the lateral dimensions remain similar to those of the NPL



core, suggesting that shell growth occurred mainly on the top and bottom sides. The smooth-shell NPLs
lying flat on the TEM substrate exhibit uniform contrast (Fig. 1b). TEM imaging for edge-on NPLs (inset
of Fig. 1b) reveals that the smooth-shell NPLs are covered by a shell with uniform thickness of ~1 nm.
As shown in Fig. 1c, the rough-shell NPLs exhibit significant contrast variation. The particle-like species
on rough-shell NPL surfaces and edges are CdZnS grains within the rough CdznS shell, which are
formed during the quick one-pot synthesis.?® TEM imaging for edge-on rough-shell NPLs (inset of Fig.
1¢) clearly shows that the thickness of rough-shell NPLs fluctuates in a range of 3-5 nm, suggesting the
1.5 nm-thick core is covered by a non-uniform shell.

Absorption and PL spectra of NPLs suspended in hexanes/chloroform solutions are shown in Fig.
1(d-f). For the core NPLs, two absorption peaks are observed at 2.28 eV and 2.41 eV that correspond to
the heavy- and light-hole excitons, respectively (Fig. 1d). Emission peaks at 2.24 eV with a full-width-
at-half-maximum (FWHM) of 48 meV and a PL quantum yield (QY) of 15-20%. The absorption and
emission spectral results are consistent with the previously reported data for 5-monolayer CdSe NPLs.!*
27.CdZnS shell growth induces strong red shifts in both absorption and emission, which can be attributed
to the electronic wavefunction extension from the CdSe core into the shell material.>* The smooth-shell
NPLs and the rough-shell NPLs have emission peaks at 1.93 eV (PL QY: 60-65%) and 1.87 eV (PL QY:
45-50%), respectively (Fig. le, 1f). The difference in the emission maximum between the smooth- and
rough-shell NPLs is likely due to the rough shell being slightly thicker, or to the observed thickness
fluctuations. In addition, compared to the core NPLs, the C/S NPLs have broader and similar emission
linewidths: ~60 meV and ~57 meV for the smooth- and rough-shell NPLs, respectively. The increased
linewidth in C/S NPLs can be attributed to the extension of electron-phonon coupling into the shell ma-

terial and the high phonon energy of the shell material. > 26

2.2 Blinking of single nanoplatelets



PL intensity blinking (i.e., intermittency) is a ubiquitous phenomenon observed in individual semicon-
ductor nanocrystals.*® The blinking behaviors have also been observed for NPLs.!> 2?3 Analogous to the
cases of the C/S heterostructures of QDs, the growth of shell greatly reduces PL blinking. This is reflected
in the time traces of fluorescence intensity shown in Fig. 2(a-c): the C/S NPLs exhibit a much longer
“on” time compared with the core NPLs. Such an improvement is further demonstrated in a statistical
photostability analysis of the on-time fraction of ~50 NPLs under one-hour continuous excitation. It
reveals that the on-time fraction increases from ~4% for the core NPLs to ~31% for the smooth-shell
NPLs and ~42% for the rough-shell NPLs (Supporting Information Fig. S1). The higher on-time fraction
value of the rough-shell NPLs relative to the smooth-shell NPLs could be related to the generally thicker

shell of the former.
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Fig. 2 Representative PL intensity time traces of the core CdSe NPLs (a), the smooth-shell CdSe/CdzZnS NPLs
(b), and the rough-shell CdSe/CdzZnS NPLs (c). Panel (d-f) display the FLID diagrams for the corresponding time
traces (a-c) for three types of NPLs, respectively. For the color scale in the FLID diagrams, yellow represents the
most frequent probability of lifetime-intensity pair, and probabilities less than 1% of this maximum are indicated by
black. A linear scaling is used between the yellow and black. The white dashed box in (d-e) indicates the signal
from the background. It should be noted that the rather widely distributed lifetimes for intensity levels below ~2
kHz in Figure 2d and ~1 kHz in Figure 2e should not be considered for correlation between intensity and lifetime.
This is because these intensity levels are too close to the noise level and therefore the fitting results of lifetimes
are not reliable.



The phenomenon of PL blinking, since its first report by Nirmal et al in single QDs, has been inten-
sively studied in terms of the fundamental mechanisms.?® 3! Although the deterministic mechanism of
PL blinking is still under debate, the widely-accepted explanation of the off-state (or the grey state that
weakly fluoresces) is that the nonradiative Auger recombination as a result of photo-induced charging is
responsible. To understand the in-depth mechanism of the blinking behavior in NPLs, we perform de-
tailed analysis for about twenty single NPLs of each type of NPL: we analyze the PL lifetimes for photons
collected at different intensity levels and correlate PL intensities and lifetimes in fluorescence lifetime-

intensity distribution (FLID) 2D diagrams (see Experimental Section).>?

Single NPLs of the same type
exhibit similar correlation trends between intensity and lifetime in FLID diagrams. It should also be noted
that PL decay dynamics of CdSe nanoplatelets are usually multiexponential.?> 32 In the present work, the
PL decays are typically fitted to three-exponential function and the lifetime exhibited in the FLID dia-
grams is fraction-weighted average lifetime, <t>=Xajti¥/Zajti, where a; is amplitude and =i is lifetime.
Fig. 2(d-f) displays the FLID diagrams for PL intensity time traces shown in Fig. 2(a-c), respectively
(see Fig. S2 for more set of data). For the core NPL and the smooth-shell NPL, FLID contour maps (Fig.
2d and 2e) show that the PL count rates distribute vertically while the PL lifetimes nearly keep constant.
This observation is confirmed further by similar PL decays extracted for different PL intensity ranges
shown in Supporting Information Fig. S3. The behavior of PL intensity fluctuation with no correlated
change in lifetime excludes Auger recombination and other nonradiative processes that lead to the loss
of carrier population from the emissive state as dominant mechanisms because such processes will al-
ways lead to reduced lifetimes. This result rather points to a situation that fluctuation of exciton popula-
tion arriving to the emissive state is dominating the blinking process. Under excitation at a constant
power, such population fluctuation could only arise from variation in light absorption cross-section or

ultrafast nonradiative recombination of photo-excited carriers before they have a chance to relax to the

lowest emissive state. Because there is no reason to expect the absorption cross-section to fluctuate with



time, here we tentatively attribute the latter process as the mechanism for the PL intensity fluctuation.
Nearly identical PL intensity-independent lifetime behavior was observed in CdSe/CdS and InP/CdS
colloidal QDs as well as InGaAs epitaxial QDs and attributed to a similar mechanism.3% 3+ For NPLs
studied in the present work, the wavefunctions of photoexcited hot carriers of the core can leak out to the
shell significantly as a result of thin shell. This could result in carrier interactions with the surface/defect
states and then ultrafast nonradiative recombination capable of competing with relaxation to the lowest
emissive state, therefore leading to the PL intensity-independent lifetime behavior. On the other hand,
while our experiment provides the evidence that such an ultrafast process is dominating the blinking
behavior, we cannot fully exclude the nonradiative decay of emissive exciton state. The intensity-lifetime
correlated fluctuation that could arise from such process could simply be masked by the dominant PL
intensity-independent lifetime behavior. In fact, the broad distribution of lifetimes in Fig. 2d and 2e as
well as multi-exponential decay clearly visible in Fig. S3 indicates the existence of such processes.

By contrast, for the rough-shell NPLs, PL lifetime varies along with PL intensity as shown in Fig. 2¢
and 2f. Such a blinking phenomenon is referred to as A-type blinking in our previous work>? and ration-
alized by nonradiative Auger recombination. Here the recombination of charged excitons results in the
off-state, wherein the recombining electron-hole pair transfers its energy to the third charge nearby, while
the recombination of neutral band edge excitons leads to the PL emission of on-state. Some previous
studies have tentatively attributed the blinking behavior observed for NPLs to Auger recombination
mechanism.'? 2* However, there also have been several reports showing that Auger process in NPLs is
greatly hampered.!® 2% 26-36-37 These contradictory reports surrounding Auger recombination warrant an

in-depth investigation regarding its role in the blinking behavior of NPLs.

2.3 Auger recombination and biexciton
Auger recombination is closely related to the biexciton in nanocrystals. According to the statistical scal-

ing, the biexciton Auger decay rate can be expressed as twice the sum of Auger decay rate of negative



trion and positive trion, i.e., ks px = 2(kax- + k, 4+).*** Even when this relation is not strictly valid,
the biexciton Auger decay rate should still reflect an upper limit of the trion Auger process. As the QY
of biexciton and charged excitons (QYsx and QY Tx, respectively) scales inversely with their Auger decay
rates, QYgx should provide a lower bound of the QYtx that define the intensity of the dark state in A-
Type blinking mechanism. Next, we perform the second-order photon correlation, g, analysis to meas-
ure QYex relative to single exciton QY (QYsx) and inferred the lower limit of QYx. For typical g
traces obtained with pulsed laser excitation, the area ratio between the center peak (delay time at 0) to
the side peaks, R, signifies the emission nature of the emitters. An R value of 0, i.e., photon antibunching,
is characteristic of single quantum emitters, while a non-zero R value indicates either emitter clustering

or biexciton emission.
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Fig. 3 Photon correlation data of the core CdSe NPL (a), the smooth-shell NPL (b), and the rough-shell NPL (c).
The corresponding PL decays (red) and the decays of R value as a function of gated time (black dotted) are shown

in (d-f). These data were obtained from the same respective NPLs demonstrated in Fig. 2.

Fig. 3(a-c) demonstrates g plots and corresponding R values, as insets, in each panel for the same
three NPLs, for which the blinking traces are shown in Fig. 2. One can see that all three types of NPLs

exhibit high R values above 0.5. To disentangle the effects of NPLs clustering and biexciton emission,



we employ the time-gated antibunching technique developed previously.*!* In this software-based time
gating approach, the contribution of the possible faster biexciton emission can be reduced (removed) by
applying a time-gate that is approaching (longer than) the lifetime of biexcitons. Therefore, a quick decay
of the R value to zero with the gated delay time signifies that the R value is contributed by the biexciton
emission of a single NPL. Fig. 3(d-f) displays decays of the R value as functions of the applied gated
delay time for the three NPLs. One can see that the R value drops much faster than the overall fluores-
cence, which is shown as a red curve for comparison, for all three types of NPLs. The fast decay of R
towards 0 within a gated delay time less than 10-30 ns suggests that the initial R values above 0.5 are
caused by high QYgx in the NPLs rather than NPLs clustering. For isolated nanocrystals, R is directly
proportional to the ratio of QYsx to QYsx, that is, R =g®(0)/g®(t)=QYrsx/QYsx.** ** Our analysis of R
for about twenty NPLs for each type reveals average values of 0.63+0.28, 0.61+0.14, 0.78+0.14 for the
core NPLs, the smooth-shell NPLs, and the rough-shell NPLs, respectively. These data are consistent
with the recent results reported by Ma et al.>* Considering the high QYsx/QYsx values and that QYgx
gives the lower bound of the QYtx that defines the intensity of the dark state, we can conclude that
charged excitons cannot be responsible for blinking behavior in the rough NPLs. We therefore attribute
the faster decay of lower intensity levels observed in Fig. 2f to some nonradiative channels that are related
to imperfect shell morphology, such as surface defects, traps, etc. This result is consistent with the ob-
servations made on ensembles of CdSe/CdS NPLs by Kunneman et al, who reported hole trapping at a
defect site basing on transient absorption and terahertz conductivity measurements.? In addition, a close
look at the ratios of PL intensity levels and their corresponding lifetimes reveals that the intensity drops
faster than the PL lifetime. For instance, as shown in Supporting Information Fig. S3¢ and S3f, the ratio
between the highest to the lowest highlighted intensity bands is ~4.3, while the ratio between their cor-
responding lifetimes is only ~2.3. This observation indicates that, besides the nonradiative processes

related to rough morphology, the loss of photoexcited carrier before the relaxation to the emission state

10



also contributes to the blinking of rough-shell NPLs. Our results regarding the blinking of NPLs not only
provide a detailed understanding of the blinking mechanism and its relation with morphology but indicate
possible routes to making non-blinking NPLs by structure engineering. For instance, a thicker smooth
shell is desirable, as it would reduce both the number of surface defects/traps and the hot-carrier tunneling

probability.

2.4 Polarization anisotropy and polarization-resolved PL spectra
Polarization characteristics of NCs convey information on the nature of exciton transition dipole and fine
structure.**7 We first investigate the polarization anisotropy of total PL emission by splitting PL image
into two orthogonal polarizations (i.e., horizontally/vertically polarized emission In/Iv) using a Wollas-
ton prism.*® 47 The polarization is modulated by rotating a half-wave plate in front of the prism. Fig. 4a
demonstrates the normalized horizontal emission, Inu (INnn=In/(Intlv)), as a function of the emission
angle. A fit with a sine-squared function to the data gives the degree of polarization, P=(INnymax-
IN,min)/(INH,max+INH,min). The core NPLs exhibit high degree of polarization with P values of 0.68+0.20.
The NPLs with shell, irrespective of the shell morphology, exhibit lower degrees of polarization with P
values of 0.44+0.11, 0.42+0.13 for the smooth and the rough-shell NPLs, respectively (Supporting In-
formation Fig. S4). Since the dominant majority of NPLs lie flat on the substrate (i.e., x-y plane perpen-
dicular to the detection direction) as shown in Fig. 1la-c, the observed polarization originates from dipoles
in the x-y plane of NPLs.

It has been previously shown that symmetry breaking in semiconductor nanocrystals can result in
fine structure splitting of the bright exciton, leading to two states linearly and orthogonally polarized
along the nonequivalent semiminor axes of the nanocrystals.*’-*° To examine exciton fine structure in

NPLs, we acquire the polarization-resolved PL spectra of individual NPLs by spectrally dispersing the
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two orthogonal PL channels after the Wollaston prism using imaging spectrometer.*® 4’ With this detec-
tion scheme, horizontal- (H) and vertical-polarized (V) PL spectral components from individual NPLs
are observed as pairs of spectra in the upper and lower regions of the CCD camera. Fig. 4b-4d displays
representative orthogonally-polarized PL emission spectra (black and red curves) as a function of emis-
sion detection angle for a core NPL, a smooth-shell NPL, and a rough-shell NPL, respectively, at room
temperature. The polarization-resolved PL spectra of the core NPLs exhibit high degree of linear polari-
zation with no spectral splitting between two orthogonally polarized PL spectra. Surprisingly, polariza-
tion-resolved PL spectra of ~66% of the rough-shell NPLs (Fig. 4d) and ~45% of smooth-shell NPLs
exhibit three energetically distinct, linearly polarized emissive states with energy splitting of ~25 meV.
Out of these three states, the highest and lowest energy states have almost identical polarization orienta-
tion whereas the polarization of the middle state exhibits phase shift relative to that of the highest and
lowest energy states. The remainder of the smooth-shell (~55%, Fig. 4c) and rough-shell NPLs (~34%)
show broad PL spectra, without an obvious three-peak-splitting feature and with low degree of linear

polarization consistent with total PL polarization anisotropy (Fig. 4a).
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Fig. 4 (a) Typical polarization modulations obtained from imaging as a function of emission collection angle for
single NPLs: the core NPLs (red), the smooth-shell NPLs (black), and the rough-shell NPLs (blue), respectively.
The solid lines are fits to the data. (b-d) Room-temperature polarization-resolved spectra collected at different
emission detection angles (shown as inset) for a single core NPL (b), a single smooth-shell NPL (c), and a single
rough-shell NPL (d), respectively. Red and black curves correspond to horizontal- (H) and vertical-polarized (V)
spectral components. (e) The polarization modulations measured for the three highlighted 2-nm-wide wavelength

bands in panel (d) shown with the same color. The solid lines are fits to the data.

Recent studies of relatively symmetric NPLs reported observation of polarization behavior consistent
with a 2 D planar dipole corresponding to the heavy-hole exciton radiative doublet.'®>! Because our
NPLs are highly asymmetric with the width and length of ~7 nm and ~50 nm, respectively, we expect
the emissive exciton state to be split into two states. The thermalized excitons mainly occupy the low
energy state of the two which dominates the emission with linear transition dipole oriented along the
long axis of the NPL. While this picture can explain strongly linearly polarized emission of the core only
NPLs, it cannot explain the emergence of the three emissive states in cases of the smooth- and rough-
shell NPLs. Because the three emissive states were observed more frequently in rough-shell NPLs, we
hypothesize that the localization of excitons in confinement potential minima resulting from the thickness
fluctuations of NPLs is responsible. That is, the emitting states are not at thermal equilibrium. Popula-
tions of the emitting states are subject of rate equations implying efficient phonon-assisted transitions
between the emitting states. To test this hypothesis, we construct a theoretical model of a NPL that lo-
calizes an exciton in a region of the width 2L,=70 A in the y-direction and varying localization length
along the x-direction (2L,), which has the size of the surface roughness (Fig. 5a). For such a NPL, we
expect four states, with two orthonormal states each for delocalized exciton (E3x & E4,) and localized
exciton (Ex & E2y), respectively (Fig. 5a). To estimate energy splitting between these states, we use the
well-known expression for the exciton resonance frequency renormalization due to the long-range elec-
tron-hole exchange interaction, dwo, for excitons localized in quantum wells®*>* (the index o indicates

the polarization of the exciton sublevels) and assume that the envelope wave function of an exciton
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localized on the roughness has a Gaussian form.>* Detailed description of theoretical calculations can be
found in Supporting Information Note 3. Since the NPLs sizes are less than the emission wavelength, the

final exchange-induced splitting can be expressed as

21

500 — 60 ~ “)LTZ‘:tizLyf dttzf dop cos 2 e~ 12059132 g=t sin® o132
0 0

X f dz®(z) f dz' ®(z")e tlz=7'l
where, wrt and ag are the longitudinal-transverse splitting and the Bohr radius of a free exciton in the
bulk material, respectively, d is the effective two-dimensional Bohr radius, ®(z)=@e1(z)@nn1(z) is the prod-
uct of the electron and hole envelope wave functions along the axis of the quantum well or NPL (here
we use the envelope wave functions for carriers confined in a quantum well with infinitely high barriers).
For our estimate we will take Zw11=0.95 meV,’* ag=56 A. Nanoplatelet excitons are known to have the
effective two-dimensional Bohr radius < 10 A,> for an estimate we take 4=7 A. The resulting dependence
of the anisotropic exchange splitting on the size of the localizing potential along x, Ly, at the fixed size
along y, L,=35 A, is shown in Fig. 5b. The splitting is zero for L,=L,. Comparing the observed splitting
with this dependence one can estimate the size of the localizing potential as 2L,. Our calculation yields
a splitting between two delocalized exciton states E4-E3x to be 63.5 meV as the delocalized exciton
corresponds to the limit L,—soo (in particular, L,>200 A). Because this splitting is larger than the thermal
energy at room temperature, we can assume that the highest energy state E4, is not accessible to the
exciton population and therefore leading to the appearance of three peaks. Localization of exciton in
~100 A region (i.e., Ly ~ 50 A) gives rise to E-E |y splitting of ~25 meV, as observed in our experiments.
Ex and E3, are linearly polarized along the long axis of the NPLs and E>y is polarized in the perpendicular
direction. This corresponds to our observation that the two side peaks have essentially the same polari-

zation orientation. It is also noteworthy that at low temperature we did not observe polarization-resolved
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fine structure splitting in these C/S NPLs (Fig. S5). We attribute such an observation to the unpopulated

upper states at low temperature.
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Fig. 5 (a) Top: A schematic of a NPL with a width of 2L, and a thickness of L, (black box). The theoretical modeling
assumes that the exciton is localized on the red box, which has a width of 2Ly, a length of 2L,, and a thickness
equivalent to the surface roughness. Bottom: Fine structural scheme of energy levels of the exciton radiative dou-
blets for both delocalized and localized excitons before and after electron-hole exchange interaction is taken into
account, respectively. (b) Dependence of the anisotropic exchange splitting, A(6wo®-dwo®), on the localization
size along x, L. The localization size along y-axis is fixed: 2L,=70 A. (c) A possible orientation of the exciton

localization region that can result in a polarization “nonorthogonality”. (d) Angular dependencies of
I”’"(B)/(IH"' +1¥) and IHy’(H)/ (1””' + If’) (i.e., polarization modulation of emission dipole along the x”and y’ axis,
respectively) for y=0° and y=—15". 0 represents the angle between the x-axis and the “horizontal” polarization of

the analyzer.
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While the middle peak in the above theoretical picture should be polarized normal to the two side
peaks, our result shown shows that the polarization of the middle peak usually has a phase shift in a range
of 50-90°. For example, a ~55° phase shift is observed in Fig. 4e. This inconsistency could result from a
misalignment of the orientation of the exciton localization region (due to surface roughness fluctuation)
with respect to the main axes of the NPL (Fig. 5c, also refer to Supporting Information Note 3 for details).
To illustrate this point, we construct a model as displayed in Fig. 5c, for which we assume that the main
axes of the exciton localization region (x’, y’) form a small angle y with respect to the main axes of the
NPL (x, y). A drastic difference in high-frequency dielectric constants between the NPLs (gin~6) and the
ambient air (gour~1) leads to a strong depolarization field in the y-direction perpendicular to the axis of
the NPL elongation. As a result of misalignment, the dipole oriented along y’ has a small projection onto
x axis (Fig. 5¢). But, since the electric field along y axis is suppressed due to the depolarization effect,
the electric field of light, emitted by the dipole polarized along y’, has comparable components along x
and y. Similarly, the dipole oriented along x” has a small projection onto y axis. But the depolarization
effect leads to the fact that the corresponding small component of the electric field in the emitted light is
further suppressed. As a result, the depolarization effect strongly affects polarization of the light emitted
by the dipole polarized along y ’ and has almost no effect on polarization of the light emitted by the dipole
polarized along x’. Our detailed calculation (see Supporting Information Note 3) reveals that a misalign-
ment angle of y ~-15° can approximately reproduce the large phase shift in the polarized PL intensity
from y’ polarized dipole and the negligible shift in the polarized PL intensity from x’ polarized dipole
(Fig. 5d) as we observed in Fig. Se. Taken together, the theoretical results are in excellent agreement
with our experimental observations. Finally, we want to mention that the orientation of localized states
on individual NPLs are different between NPLs. In addition, there are ~55% smooth-shell NPLs and

~34% rough-shell NPLs which do not show polarization-resolved fine structure. As a result, the overall
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ensemble averaging effect could wash out such polarization-resolved fine structure when measured at

ensemble scale even for orientated monolayers.

3. Conclusion

We have systematically investigated the morphological effects on PL properties of CdSe/CdZnS NPLs.
The deposition of CdZnS shell on core CdSe NPLs not only reduces PL blinking of single NPLs but,
more importantly, results in variations in the optical and electronic properties depending on shell mor-
phology. We demonstrated that, regardless of shell growth and morphology, Auger recombination can
only play a minor role in PL blinking of single NPLs. The deposition of a rough CdZnS shell leads to
opening of additional nonradiative channels compared to smooth-shell NPLs, which are possibly due to
the existence of trap or defect sites in an imperfect shell. Polarization-resolved spectral analysis revealed
exciton fine-structure splitting on the order of tens of meV at room temperature in the majority of rough-
shell NPLs. We showed that exciton can get localized at a surface irregularity resulting from the rough
shell morphology. Both the fine-structure splitting and PL polarization resulting from exciton localiza-
tion are sensitive to the size and shape of the exciton localization region. The PL polarization is further
affected by the depolarization effect determined by the shape of NPL. These conclusions are supported

by theoretical calculations which are in excellent agreement with experimental observations.

Experimental Section

Nanoplatelets Synthesis. CdSe core NPLs were synthesized according to previously published procedure with
slight modifications.'® Smooth CdzZnS shell on CdSe core NPLs were synthesized following atomic layer deposi-
tion approach with some modification.? To achieve rough CdZnS shell, we used previously published continuous
shell growth protocol with minor modification.?® The extra ligands in the nanoplatelets solutions were removed
using ethanol for precipitation and re-dispersing in hexane or chloroform. Details about the materials and synthesis

of NPLs are available in Supporting Information Note 1.
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Single NPLs spectroscopy. Single NPLs samples were prepared by drop-casting suspensions of NPLs in hex-
anes onto clean glass coverslips. Single NPLs spectroscopy experiments were carried out on a typical laser scan-
ning confocal optical microscope using a pulsed 403 nm diode laser (2 MHz, ~70 ps pulse width). PL emission
from individual NPLs was collected with a 100x, 0.85 NA objective lens and cleaned with long pass filters. The
pump condition is: power: < 6 nW; repetition rate: 2 MHz; excitation wavelength: 405 nm. Based on the litera-

ture,2+ 56

it is estimated that the exciton density <N> (i.e., photons absorbed per pulse) is no higher than 0.4 for the
NPLs measured. Time-resolved PL and g® experiments were performed with two single photon avalanche pho-
todiodes (SPAD, SPCM-AQR-14, PerkinElmer) placed in a Hanbury-Brown-Twiss geometry and connected to a
Hydraharp 400 TCSPC system (time channels is 65,536) operating in a time-tag time-resolved mode. The tem-
poral time resolution is ~500 ps. To generate the FLIDs, we accumulated at least 500,000 counts (typically,
10° counts if the single dots are photon stable enough). Single NPLs PL spectra were measured by directing
PL emission to a spectrograph (SP-2300i, Princeton Instruments) and imaged with a CCD camera. Emission po-
larization anisotropy and polarization-resolved PL experiments were performed in a wide-field mode. Herein, the
403 nm diode laser was focused to a spot size with diameter of ~60 um and was used to excite the samples. The
PL images and spectra were collected with the same spectrometer and CCD camera as used in the confocal mode.
A Wollaston prism was used to spatially split the emission into its respective horizontal and vertical locations
along the spectrometer slit. This enabled a simultaneous measurement of two orthogonal components. A half-wave

plate was deployed in front of the Wollaston prism to tune the emission angle.
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