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Abstract : Fluorescent semiconductor nanoplatelets (epitaxial quantum wells) can be 
synthesized with excellent monodispersity and self-assembled in highly-ordered structures. 
Modifications of their electronic and luminescence properties when stacked, due to strong 
mechanical, electronic or optical interactions between them, have been the topic of intense 
recent discussions. In this paper, we use Fourier imaging to measure the different dipole 
components of various nanoplatelet assemblies. By comparing different measurement 
conditions and corroborating them with polarimetric analysis, we confirm an excellent 
precision on the dipole components. For single nanoplatelets, only in-plane dipoles (parallel 
to the platelet plane) are evidenced. For clusters of 2-10 platelets and chains of 30-300 
platelets, on the other hand, a clear out-of-plane dipole component is demonstrated. Its 
contribution becomes more significant as the number of platelets is increased. We review 
possible explanations and suggest that the added out-of-plane dipole can be induced by  
strain-induced nanoplatelet deformations. 
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 Semiconductor nanoplatelets (NPLs)1 are quasi-two-dimensional atomically flat nano-
emitters with intense, spectrally monodisperse2 and anisotropic3-6 emission and  potential 
applications in light-emitting devices7, photovoltaic cells8, field effect transistors9 and lasers10. 
Fluorescence studies usually consider, as much as possible, isolated emitters, either by 
spectroscopy of dilute solutions or by single-molecule microscopy. Interactions between 
compact assemblies of stacked emitters are however receiving increased attention. In opto-
electronics, for instance, these interactions must be understood as they can either be 
detrimental to a device’s efficiency or allow new energy transfer strategies8,11-12. 
Semiconductor platelets are an ideal model system for studying such interactions because 
they have a pronounced tendency to spontaneous cofacial stacking13-14 and because, when 
stacked, their interactions should be strong as they present high absorption cross-section15-16, 
low Stokes shift and large in-plane dipoles3,5-6 which can be aligned parallel at very short 
distance (2-5 nm) from each other17-18. For instance, a second emission peak appears at low 



temperatures for stacked NPLs and was tentatively attributed to phonon coupling13, p-state 
emission19, delocalized excimer states20, surface states21 and most recently to negatively-
charged trions22. Förster resonance energy transfer (FRET) has also been evidenced between 
stacked platelets8,23 with transfer rates24 up to (1.5 ps)-1. By a careful control of the ligands 
and solvents, NPLs can be assembled into linear chains of a few hundred nm to a few µm, with 
good photostability and brightness, excellent order and highly uniform inter-NPL distance25. 
Ligand-induced strains within platelets can create a twist of these NPL chains26-27 and may be 
responsible for the recently-observed permanent dipole parallel to the chain28. 
 A key characteristic of a fluorescent system is the orientation of its radiating dipole, 
with implications for orientation and conformation tracking in bio-imaging29 and super-
resolution30, for directional emission and light extraction in opto-electronics12 or for coupling 
and Purcell efficiency in nanophotonics and plasmonics31-32. A corollary question is how many 
dipoles contribute to the emission. For instance, because their emission originates from two 
degenerate states of orthogonal dipole orientations, CdSe NPLs can be well described by an 
incoherent sum of two in-plane dipoles3,5-6. This can be an advantage, for instance, for light 
extraction in light-emitting diodes or for energy-funneling strategies in photovoltaics3. Other 
two-dimensional systems have also been investigated47 in order to demonstrate vertical-
dipole emission as it would provide enhanced coupling to plasmonic surfaces or photonic 
waveguides33 or to Förster-transfer donors34. Vertical deposition of platelets by thick-shell 
growth35 or by air-liquid interface self-assembly4,34 was also demonstrated. 

 By combined polarimetric and Fourier-image analyses, the different dipoles 
components of a single fluorescent nano-emitter can be discriminated6,35-36. In this paper, we 
analyse the in-plane and out-of-plane dipoles of single isolated platelets and of NPL stacks of 
various lengths. We show that, while no out-of-plane contribution can be resolved (< 0.03) for 
isolated NPLs, a clear out-of-plane dipole appears and grows as NPLs tend to cluster and 
assemble into longer chains. We discuss various hypotheses in relation with the NPL’s tilt and 
deformations and the chain’s internal electric dipole. 

 

Results : 

 Figure 1(a) shows a transmission electron microscopy (TEM) image of the CdSe 
nanoplatelets, synthesized as described in ref. 24. They present a well-controlled rectangular 
shape with 20-nm length and 7-nm width (with respective 4-nm and 2-nm dispersions). Some 
overlapping between platelets (darker grey shade) indicates a spontaneous tendency to stack 
together. Figure 1(c) plots the NPL absorption and emission spectra. The very low 2-nm Stokes 
shift is characteristic of NPLs. The 549-nm emission wavelength is associated with a 1.5-nm 
thickness : 6 Cd layers and 5 Se layers. Analysis of single-NPL emission spectra has shown that 
the inhomogeneous broadening is negligible for these samples24. Given their extreme shape 
anisotropy, the NPLs’ emission wavelength is solely dependent on their thickness, which is 
controlled during the synthesis with monolayer precision2. 

 Two different NPL chain samples were self-assembled as in ref. 24 (see Methods), one 
“long-chain” sample with length 1-2 µm (fig. 1(b)) and one “short-chain” sample with lengths 
100-500 nm. The long chains present a twist which was discussed in ref. 26 and attributed to 
ligand-induced internal NPL strain. The NPL center-to-center distance can be estimated from 
high-resolution TEM images (see S.I. in ref. 24 for details) as 5.7 nm.  

 



 
Fig 1 : TEM images of (a) single and clustered platelets and (b) 1-2 µm NPL chains. (c) Absorption 
(cuvette measurement) and emission (microphotoluminescence) spectra of isolated NPLs, emission 
spectrum of NPL chains (microphotoluminescence).  

 A CCD image of a single long chain under wide-field mercury-lamp illumination is 
shown on fig. 2(a). The sample consisted in a glass slide with emitters covered by a polymer 
(polymethylmetacrylate – PMMA), observed with a 1.4 numerical-aperture objective (fig. 2(b)). 
This configuration was chosen so that the radiation pattern was strongly dependent on the 
different emitting dipole contributions. For comparison, three different PMMA thicknesses 
were used : 130, 180 and 210 nm (measured with 5 nm precision by profilometry). We excited 
the chains at their centre and used Fourier-plane imaging (see Methods) to measure the 
radiation pattern of single NPL chains. Figure 2(c) shows the Fourier-plane images of three 
long chains under these different configurations. The radius corresponds to the maximal 
collected angle 𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  sin−1�𝑁𝑁.𝐴𝐴./𝑛𝑛𝑔𝑔𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔� = 69°. The maximal emission is directed along the 
chain axis, in agreement with the expectation that the in-plane NPL dipoles (which are 
perpendicular to the chain axis : direction Φ on fig. 2(c)) radiate mainly into their orthogonal 
direction.  
 The measured radiation patterns for typical chains are plotted in fig. 2(d) along planes 
parallel and orthogonal to the chain axis. These patterns are very different depending on the 
PMMA thickness because the collected electric field is a sum of direct emission and emission 
reflected by the glass-air interface. However, some common features arise : a lobe at normal 
0° angle ; a sharp change or peak at the critical angle 𝜃𝜃𝑐𝑐 =  sin−1�1/𝑛𝑛𝑔𝑔𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔� = 42° ; more or 
less strong lobes at 𝜃𝜃 >  𝜃𝜃𝑐𝑐  corresponding to total internal reflection of the emission.  
 We fit the radiation patterns by an incoherent sum of three dipoles. For all samples 
considered in this paper, we will label ∥ ,1 the stronger NPL in-plane dipole, ∥ ,2 the weaker 
in-plane dipole, and ⊥ the out-of-plane dipole. Note that “in plane” will refer to the plane of 
the nanoplatelet. For a single NPL deposited horizontally on the substrate, in-plane dipoles ∥
,1 and ∥ ,2 will be horizontal, while the out-of-plane direction ⊥ will be vertical. However for 
the NPL chain, dipole ⊥  is horizontal and parallel to the chain axis, while dipole ∥ ,1  is 
horizontal and orthogonal to the chain axis, and dipole ∥ ,2 is vertical (fig. 2(e)). We describe 
the weight of each contributing dipole by a coefficient 𝜂𝜂 proportional to the square of its 
dipole moment and normalized so that  



𝜂𝜂∥,1 +  𝜂𝜂∥,2 +  𝜂𝜂⊥ = 1 
 

The fitted radiation patterns (calculated following ref. 37) are plotted as solid lines on fig. 2(d). 
The overall agreement between experimental and fitted curves is excellent. We estimate (Fig. 
S1) the general precision of the fitted values to ± 0.03 for the out-of-plane coefficient 𝜂𝜂⊥ 
(which will be our main focus thereafter) and ± 0.05 for the weaker in-plane coefficient 𝜂𝜂∥,2. 
Note that the angles 𝜃𝜃 ~ 0 are subject to very strong noise because they are inferred from 
just a few pixels on the Fourier image. Some deviation from the model is observed at higher 
(𝜃𝜃 > 60°) angles and may be caused by objective aberrations. Similar 𝜂𝜂  coefficients are 
obtained for all chains. The radiation patterns with the different PMMA thicknesses, although 
qualitatively very different, can all be fitted with very close 𝜂𝜂  values : this is a striking 
confirmation of the quality of our measurement of the three dipole contributions.  

 

 

Figure 2 : (a) CCD image of a long NPL chain under wide-field mercury lamp illumination. (b) Schematic 
of the measurement configuration. (c) Obtained Fourier images of typical single NPL chains for three 



configurations with different PMMA thicknesses. The angle 𝛷𝛷 indicates the orientation of the stronger 
dipole 𝜂𝜂∥,1 in the chain obtained from polarization analysis. (d) Corresponding radiation patterns along 
axes perpendicular (orange curves, direction Φ on fig. 2(c)) and parallel (blue curves) to the chain axis. 
Dots : experimental data. Lines : fit by a sum of three dipoles. (e) Schematic of the three-dipole emission 
model. 

 

 Further support for our measurement is provided by comparison with polarization 
analysis. Figure 3(a) shows a typical emission polarimetric curve (obtained as described in ref. 
35) from which an experimental degree of polarization 𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒 =  (𝐼𝐼𝑚𝑚𝑔𝑔𝑒𝑒 −  𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚) (𝐼𝐼𝑚𝑚𝑔𝑔𝑒𝑒 + 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚)⁄  
= 0.30 can be fitted. Figure 3(b) shows the theoretical degree of polarization (calculation 
outlined in Methods) as a function of the dipole contributions  𝜂𝜂∥,2 and 𝜂𝜂⊥ (keeping in mind 
that 𝜂𝜂∥,1 +  𝜂𝜂∥,2 +  𝜂𝜂⊥ = 1). It can be noted that maximally-polarized emission is obtained 
when there is a single horizontal dipole  (𝜂𝜂∥,1 = 1 or  𝜂𝜂⊥ = 1) while the emission is unpolarised 
when there is a single vertical dipole (𝜂𝜂∥,2 = 1) or when the two horizontal dipoles have the 
same moment (𝜂𝜂∥,1 =  𝜂𝜂⊥ ). For the parameters 𝜂𝜂  obtained from the Fourier image, the 
theoretical degree of polarization 𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑐𝑐  = 0.30 is in perfect agreement with the measured 
degree of polarization 𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒 = 0.30. Figure 3(c) compares these values of 𝛿𝛿, experimental and 
theoretical (from 𝜂𝜂 factors), for all emitters considered in this paper. A remarkable agreement 
is always found between these two values, again validating the precision of our measured 𝜂𝜂 
coefficients.  
 

 

Figure 3 : (a) Polarization analysis corresponding to the first chain in fig. 2(c). Blue dots: experimental 
data; red curve: cosine square function fitting. (b) Theoretical degree of polarization as a function of 
the components 𝜂𝜂∥,2 and 𝜂𝜂⊥. (c) Relation between the experimental degree of polarization 𝛿𝛿 and its 
theoretical value (calculated with the 𝜂𝜂 coefficients from Fourier imaging) for isolated NPLs, clusters 



and chains (measured in two configurations : PMMA thicknesses 130 and 180 nm). The uncertainty for 
the experimental 𝛿𝛿 is ±0.02. The error bars for theoretical 𝛿𝛿 correspond resp. to ±0.05 and ±0.03  error 
on 𝜂𝜂∥,2 or 𝜂𝜂⊥. 

 
 We considered as a reference a solution of dispersed (non assembled) NPLs deposited 
on a glass slide. Such CdSe platelets are known to deposit horizontally on the substrate6. For 
most emitters, the photon correlation function 𝑔𝑔(2)(𝜏𝜏) (fig. 4(a), dotted line) measured in 
Hanbury-Brown and Twiss configuration showed clear antibunching (single photon emission). 
The ratio, here labelled 𝑔𝑔0, between the area of the zero-delay peak and the average area of 
the other peaks, was in the range 0.06-0.40. This shows that multi-exciton radiative 
recombination is quenched by Auger effect, as 𝑔𝑔0 is an estimate of the ratio between the 
biexciton and exciton quantum yield38. Given the area (around 140 nm²) of our platelets, this 
result is in agreement with ref. 39 : Ma et al. found 𝑔𝑔0 close to 1 for NPLs larger than 150-200 
nm² and decreased for smaller NPLs due to enhanced Auger interactions. For the emitter in 
fig. 4(a), we find 𝑔𝑔0 = 0.14, indicating that we have a single platelet. The radiation pattern 
(fig. 4(b)) can be fitted by a sum of 2 horizontal (in-plane) dipoles, and the presence of a third 
vertical (out-of-plane) dipole can be excluded (see fig. S2(a) for precision analysis). Our 
measurement was further confirmed by comparing two measurement conditions, with or 
without a 30-nm PMMA film : we found 𝜂𝜂⊥ = 0 for the two configurations (fig. S2(b)).  
 Temporal post-selection can be used to remove the biexcitonic contribution (as 
explained in fig. S4). For some emitters however, we still find only incomplete antibunching 
(𝑔𝑔0 > 0) (fig. 4(c)), and in some cases no antibunching (𝑔𝑔0~ 1). We attribute these cases to 
clusters of platelets. It was seen already on fig. 1(a) that the isolated platelets tend to 
aggregate, parallel to each other (see also fig. S14).  This is confirmed by decay and intensity-
time trace curves (fig. S5) : a clear difference appears between the general emission properties 
of the single NPLs and the NPL cluster. The cluster radiation pattern in fig. 4(d) reveals two 
horizontal in-plane dipoles, showing that the clusters deposit horizontally like the single NPLs, 
but also a third vertical (out-of-plane) dipole which was not seen for the single NPLs. A similar 
out-of-plane component was found for all clusters. We also observed a few instances of 
vertical (on the edge) cluster deposition, with similar out-of-plane dipole : these cases are 
presented in section H of the Supporting material. 
 
 

 



Figure 4 : Photon correlation function 𝑔𝑔(2)(𝜏𝜏) for (a) a single NPL and (c) a cluster. Full lines : original 
data, dotted lines : after post-selection treatment. (b) and (d) : Corresponding radiation patterns (dots) 
and theoretical fits (lines). 
  
 
 Eventually, the measured dipoles coefficients 𝜂𝜂  are summarized in fig. 5 for single 
emitters of each type : long chains, shorter chains, clusters and single platelets. The main 
contributions are the two in-plane dipoles, parallel to the NPL plane, in agreement with our 
previous observations on various NPL geometries6,35. The in-plane dipolar anisotropy ratio 
𝜂𝜂∥,2 𝜂𝜂∥,1⁄  is 0.43 for the single NPLs, 0.59 for the clusters and 0.42 for the chains : it seems 
quite similar for the different types of emitters and related mostly to the NPL rectangular 
shape. It is probably caused by the dielectric shape of the rectangles, which enhance the dipole 
along the NPL elongation axis5-6,40. For the clusters, the distribution of 𝜂𝜂∥,2 𝜂𝜂∥,1⁄  values is 
broader, possibly because, for the clusters, the platelets do not stack in well aligned 
assemblies, as can be seen on fig. 1(a) where the different rectangles are not parallel (see also 
fig. S14). The obtained values are similar for the two chain samples, showing no influence of 
either the chain twist or its length over hundred-nm scales (TEM images show that the NPL 
rotation occurs in limited portions of the chains26 and most NPLs form straight stacks, so the 
twisted chains still have a similar ratio 𝜂𝜂∥,2 𝜂𝜂∥,1⁄ ). The most striking difference between 
samples is that, while the NPL platelets show only in-plane dipoles (as was reported already 
by us6,35 as well as other authors3,5), it is not the case for the NPL chains and clusters. 
 
 
 

 
Figure 5 : Histogram of the measured coefficients  𝜂𝜂∥,1 (stronger in-plane dipole), 𝜂𝜂∥,2 (lower in-plane 
dipole)  and 𝜂𝜂⊥ (out-of-plane dipole) for the different NPL samples : single NPLs, clusters, short chains 
and long chains. The average dipole contributions are given for each sample. 
 
 Figure 6 plots the out-of-plane coefficient 𝜂𝜂⊥ as a function of the number 𝑁𝑁 of emitters 
in the assembly. This number is of the order of 35 for the 100-500 nm chains and 250 for the 
1-2 µm chains (note that not all 250 NPLs are excited by the laser spot). For the clusters, it can 
be estimated from the antibunching curves by assuming that they are a sum of 𝑁𝑁 identical 
single-photon sources so that 𝑔𝑔0 =  1 −  1 𝑁𝑁⁄ . The clusters with higher 𝑔𝑔0 correspond to a 
large 𝑁𝑁 with large uncertainty and can be distinguished from the smaller clusters for which 𝑔𝑔0 
is significantly lower than 1.  



 
 Finally, figure 6 shows a continuous increase of the out-of-plane dipole with the 
number of NPLs in the stack : from 𝜂𝜂 ~ 0 for the single platelets, to 0.05 for the small clusters 
(𝑁𝑁 ~ 2-5), to 0.1 for the larger clusters and 0.12 for the chains. We emphasize that it is the 
precision of our microphotoluminescence analysis protocol which allowed us to reveal this 
new dipole component, while it remained hidden in previous reports4,17. The origin of this out-
of-plane component will be discussed below. 
 

 
 

 
Figure 6 : out-of-plane dipole component for various emitters, either isolated emitters (measured in the 
two configurations : with or without PMMA film) or chains, plotted as a function of the number of 
platelets in this emitter (obtained from 𝑁𝑁 = 1/(1− 𝑔𝑔0) for the isolated emitters – NPL or clusters – 
and from their length for the chains). 
 
 
 
Discussion :  
 
 A first hypothesis is that this dipole component originates from the elongated dielectric 
shape of the NPL chain out of a purely optical (nano-antenna) effect. Indeed for dipoles in an 
anisotropic dielectric structure the dipole component along the elongation axis is enhanced 
with respect to the other components40. This is probably the reason for the polarized emission 
of rectangular platelets6. We performed finite difference time domain (FDTD) simulations of 
the NPL chain (see full discussion in S.I. section C) and found that the dipole along the chain 
axis was indeed enhanced as the number of NPL increased. This effects begins to appear for 
just a few platelets and saturates around 5-10 platelets (fig. S6(b)). This corresponds to a 
length  of 30-60 nm, when the NPL chain begins to be longer along the chain axis than along 
the axes of the NPL plane. However, because the chain is a succession of very thin high-index 
platelets and no just a µm-length block of high index, the antenna effect along the chain axis 
is not very strong. The enhancement achieved is only by 26% for the out-of-plane dipole, 
relative to the other dipoles. In order for the chain’s out-of-plane dipole 𝜂𝜂⊥~ 0.12 to be 
explained only by a dielectric optical effect, the out-of-plane dipole of a single platelet would 
have to be  𝜂𝜂⊥~ 0.08 (see section C in S.I.), which is clearly excluded by our measurements. 
The emission of in-plane dipoles, even modified by the dielectric chain of the NPL chain, 
cannot account alone for our measurements (fig. S6(d)). Even though the FDTD model might 



not give a fully accurate description of the experimental chain structure, the order of 
magnitude of the dielectric optical effect is far from sufficient to explain our observations. 
 Having excluded optical effects, we turn to the electron-hole wavefunction. We first 
note that the excitation power is sufficiently low to ensure that only one exciton is excited in 
the whole chain per laser pulse (see S.I. – section D). The degree of polarization remained the 
same for all excitation powers, as well as the decay curve, while the emitted intensity was a 
linear function of the exictation power (figs. S7, S8, S9). Exciton-exciton interactions can thus 
be ruled out. We have also measured the decay curves and emission spectra along the two 
polarizations parallel and perpendicular to the chain and found no difference (fig. S10). We 
thus have no sign to support that the emerging out-of-plane dipole originates from a novel 
transition state. 
 The vertical confinement is extremely large for nanoplatelets so that the electron-light-
hole transition is much higher in energy than the electron-heavy-hole transition2. Electron-
heavy hole pairs can have ±1 or ±2 momentum41. The room-temperature emission originates 
only from the degenerate ±1 transitions42 which is equivalent to an incoherent sum of two 
orthogonal in-plane dipoles. It is thus well understood why the electron-hole recombination 
in platelets shows no out-of-plane dipole. For nanocrystals, the exciton fine structure can 
theoretically present a third dipole component43 but it is not the case for nanoplatelets.  
 Other emission mechanisms have been proposed in the literature, in particular in order 
to explain the second redshifted luminescence peak at low temperature13 :  phonon 
coupling13, p-state emission19, excimers20, surface states21, energy splitting by different 
dielectric confinements44 and most recently trions22. Discussions of the different hypotheses 
and whether they are related to NPL stacking can be found in refs 20 and 22. In all 
experimental reports, this second peak contribution occurred only at low temperature (below 
160 K)21. We have also observed this second peak on NPL chains at low temperatures (fig. 
S11). It clearly disappeared above 200 K so that this second peak is not contributing to our 
room-temperature measurements. We mention also that we have recently analysed FRET 
exciton diffusion within NPL chains at room temperature24, but FRET is an incoherent non-
radiative mechanism so that it should not modify the exciton wavefunction in a platelet. 
 It can also be noted that the platelets are not stacked exactly orthogonal to the chain 
axis : a slight tilt can be observed in the inset of fig. 1(b), so that a small component of the NPL 
dipole is in fact along the stacking axis. A statistical analysis of the TEM images shows that the 
NPL tilt angle is on average 7°, which, within a very simple geometric model, seems rather 
insufficient to induce the observed 0.12 out-of-plane dipole (see S.I. section G). However, a 
third dipole component may also appear if the NPL is not planar but slightly twisted. Such a 
twist would be difficult to observe on NPL-chain TEM images but has been demonstrated on 
single rectangular NPLs and is seen on NPL clusters (fig. S14). It is caused by the internal strain 
due to non-uniform ligand coverage26. These strain and deformation are responsible for the 
helicoidal assembly of the NPL chains observed in fig. 1(b). Other authors have discussed the 
effect of NPL internal strain45 and ligand coverage46 on the emission wavelength. Recently, 
transient electric birefringence measurements28 on chains of 20 to 90 NPLs have 
demonstrated a permanent dipole along the chain axis, which was attributed to such strain-
induced shape deformation. It seems plausible that these deformations can also be 
responsible for our observed out-of-plane transition dipole. This explanation would be 
compatible with the observation that the out-of-plane dipole develops when the number of 
platelets increases up to around 5-10, but is similar for the 35-NPL and the 250-NPL chains : 



strain and deformations are not expected to lead to mechanical interactions between 
platelets over such large length scales (hundreds of nanometers). 
 
 
Conclusion: We have analysed the luminescence of single nanoplatelets, clusters and chains 
of nanoplatelets. We used Fourier imaging to measure the different radiation dipole 
components. By comparing the result with polarization measurements and by comparing 
different measurement conditions (PMMA thicknesses), we were able to estimate the 
uncertainty to only ± 0.03 and 0.05 respectively for the out-of-plane (normal to the NPL plane) 
and minor in-plane contributions. For single platelets, we found no out-of-plane dipoles, in 
agreement with previous reports and with theoretical considerations. For NPL clusters and 
chains, on the other hand, we measured a minor but significant out-of-plane dipole, which 
increased generally as a function of the number of platelets. We discussed various 
mechanisms for the presence of this dipole and suggest that it might be related to a strain-
induced NPL deformation within the NPL assembly, with an enhancement by a dielectric 
antenna effect. A better understanding of the role of self-assembly on the emission dipole 
could be obtained by further high-resolution electron imaging and a comparison with 
numerical models of the NPL crystalline structure and internal strain. Tuning the distance 
between neighbour platelets by changing the ligands would also provide a way to adjust the 
NPL mechanical interactions. We emphasize that it is our dipole analysis protocol, combining 
Fourier imaging and polarimetry, which allows to probe dipole components in different 
emitting systems with record precision thanks to the design of optimal experimental 
configuration (such as PMMA thickness). The method which is demonstrated here can have a 
wide range of applications in fundamental study of optical and electrical properties of 
semiconducting single emitters or two-dimensional materials, such as perovskite quantum 
dots and transition metal dichalcogenide semiconductors. 

 
 
    

Methods : 
 
 
Sample preparation : 
 
Nanoplatelets synthesis: first we prepared cadmium oleate from a mixture of dissolved Sodium oleate 

and Cadmium nitrate tetrahydrate through a careful washing and drying process. Then we 
introduced cadmium oleate with commercial cadmium oleate and ODE in a three-neck flask 
equipped with a septum, a temperature controller and an air condenser. We carefully controlled the 
temperature and reaction ambience and added cadmium acetate dihydrate and oleic acid 
successively. After cooling the flask, we obtained a mixture containing 5-ML CdSe NPL, 3ML-CdSe 
NPL and quantum dots in solution, from which we separated 5-ML CdSe NPL by centrifugation. 

 
Self-assembly of NPLs chains: an appropriate amount of 5ML-CdSe NPL solution was diluted in hexane 

and Oleic acid was then added, the amount of which is crutial to the length of assembled NPLs 
chains. The sample was sonicated for 10 minutes and the solvent was slowly evaporated. At this 
point we obtained highly-ordered NPLs chains. 

 
More details about the synthesis and assembly protocol can be found in ref. 24. 
 



Fluorescence microscopy : we performed optical measurements using a homebuilt inverted 
fluorescence microscope equipped with a laser scanning system. To  image the NPLs chain, we used 
a mercury lamp to achieve a wide field excitation and used a CCD camera (QImaging Retiga EXi, pixel 
size 6.45 µm correspondin to 72nm on the image) for detection. A same objective (Olympus 
apochromat 100X 1.4N.A.), mounted on a piezo-electric stage, was used to focus the 470-nm diode 
laser beam (PDL 800-D PicoQuant, 70-ps pulses, 2.5-MHz rate) on the sample plane to scan/excite a 
single emitter and also to collect its emission. The scattered excitation light was filtered by a set of 
filters and only the 549 nm fluorescence light can reach the detectors.  

 
During all measurements, the laser excitation power ranged typically from 5- to 7.5-nW (resp. 3- to 6-

nW) for single NPLs (resp. assembled NPLs chains), within the linear excitation regime of the 
emitters.  

 
To prepare the samples for optical study, the solution of single NPLs (respectively NPLs chains) was 

diluted 10000 times (resp. 500 times) in hexane and spin-coated on a glass slide at 4000 rpm for 40 
s to get well-seperated single emitters. The deposited sample was then covered by a layer of PMMA 
with different thickness ranging from 130 to 210 nm as determined by profilometry. For theoretical 
calculations, the PMMA, glass and immersion oil will all be taken equal to 1.5. 

 
 
Fourier plane imaging : to record the Fourier plane image, we used a Fourier lens to conjugate the rear 

focal plane (Fourier plane) of the objective to a EMCCD (Andor iXon Ultra 897) as described in details 
in ref. 35. The magnification of the conjugated image on the camera is 1.05X, with angular resolution 
ranging between 0.3° and 0.8° (corresponding to a collection angle from 0° to 69°). 

 
Polarization measurement : we put a rotating half wave plate in front of a polarizing beam splitter cube 

(50:50), working equivalently to a rotating polarizer with angle denoted as α. The emission light from 
the microscope passed through this rotating system, was separated into reflection/transmision 
paths and detected by 2 avalanche photodiodes (PerkinElmer SPCM), respectively. We plot the 
normalized intensity on one photodiode as: 

𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒(𝛼𝛼) =
𝐼𝐼1

𝐼𝐼1 + 𝐼𝐼2
 

in which 𝐼𝐼1 and 𝐼𝐼2 are the measured intensities on the two photodiodes. We use a 𝑐𝑐𝑐𝑐𝑐𝑐2(α) function to 
fit 𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒(𝛼𝛼) as:  

𝐼𝐼𝑓𝑓𝑚𝑚𝑡𝑡(𝛼𝛼) = 𝑘𝑘1 + 𝑘𝑘2 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐2(Φ− 𝛼𝛼) 
 
from which we can extract the polarization orientation Φ and calculate the experimental degree of 

polarization 𝛿𝛿 by: 

𝛿𝛿 =
𝐼𝐼𝑚𝑚𝑔𝑔𝑒𝑒 − 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝐼𝐼𝑚𝑚𝑔𝑔𝑒𝑒 + 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
=

𝑘𝑘2
𝑘𝑘1 + 2𝑘𝑘2

  

 
Theoretical polarization calculations : if a polarizer is rotated along orientation 𝛼𝛼  in front of the 

detection photodiode, each of our three considered dipoles has a detected intensity : 
 

𝐼𝐼∥,1(𝛼𝛼) =  𝐴𝐴 + 𝐶𝐶 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐2(Φ− 𝛼𝛼) 

𝐼𝐼∥,2(𝛼𝛼) =  𝐴𝐴 + 𝐶𝐶 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐2(Φ+
𝜋𝜋
2
− 𝛼𝛼) 

𝐼𝐼⊥(𝛼𝛼) = 𝐵𝐵  
 
where 𝐴𝐴,𝐵𝐵 and 𝐶𝐶 are the coefficients defined in ref. 36. The theoretical degree of polarization for an 

incoherent sum of the three dipoles is thus : 



𝛿𝛿 =
𝐼𝐼𝑚𝑚𝑔𝑔𝑒𝑒 − 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝐼𝐼𝑚𝑚𝑔𝑔𝑒𝑒 + 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
  

in which 
𝐼𝐼𝑚𝑚𝑔𝑔𝑒𝑒 = 𝜂𝜂∥,1 ∙ (𝐴𝐴 + 𝐵𝐵) + 𝜂𝜂∥,2 ∙ 𝐴𝐴 + 𝐵𝐵 
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜂𝜂∥,1 ∙ 𝐴𝐴 + 𝜂𝜂∥,2 ∙ (𝐴𝐴 + 𝐶𝐶) + 𝐵𝐵 

eventually we get: 

𝛿𝛿 =
𝐶𝐶 ∙ (𝜂𝜂∥,1 − 𝜂𝜂∥,2)

2𝐴𝐴 + 𝐶𝐶 + 𝜂𝜂⊥ ∙ (2𝐵𝐵 − 2𝐴𝐴 − 𝐶𝐶)
 

 
 
Photon correlation function measurement:  
We measured the photon correlation function of isolated emitters under Hanbury-Brown and Twiss 

configuration. We used the 470-nm pulsed laser (70ps pulse width) with 2.5MHz repitation rate to 
excite a single emitter and used the polarizing beam splitter cube (50:50) to separate the emitted 
photon flux into reflection/transmision paths to be detected by 2 avalanche photodiodes. The 
second-order cross correlation function 𝑔𝑔(2)(𝜏𝜏) is defined as 

𝑔𝑔(2)(𝜏𝜏) =
⟨𝐼𝐼1(𝑡𝑡)𝐼𝐼2(𝑡𝑡 + 𝜏𝜏)⟩
⟨𝐼𝐼1(𝑡𝑡)⟩⟨𝐼𝐼2(𝑡𝑡 + 𝜏𝜏)⟩

 

where 𝐼𝐼1(𝑡𝑡) and 𝐼𝐼2(𝑡𝑡) are the signal intensities on the two photodiodes and 𝜏𝜏 is the delay time. 
 
 
 
Supporting information :  

 
This material is available free of charge via the internet at http://pubs.acs.org. A : Precision of 𝜂𝜂 
coefficients. B : Identification of single NPLs. C : FTFT simulations. D : Excitation power dependence. E 
: Polarization effects. F : Temperature spectral dependence. G : Tilt of the NPL stacks. H : horizontal 
and vertical deposition of clusters. 

 
 
References : 
 

[1] S. Ithurria and B. Dubertret, Quasi 2D colloidal CdSe platelets with thicknesses controlled at the 
atomic level, J. Am. Chem. Soc. 130, 16504 (2008), 
[2] S. Ithurria, M. D. Tessier, B. Mahler, R. P. S. Lobo, B. Dubertret and A. L. Efros, Colloidal nanoplatelets 
with two-dimensional electronic structure, Nature Mat. 10, 936 (2011), 
[3] R. Scott, J. Heckmann, A. V. Prudnikau, A. Antanovich, A. Mikhailov, N. Owschimikow, M. Artemyev, 
J. I. Climente, U. Woggon, N. B. Grosse and A. W. Achtstein, Directed emission of CdSe nanoplatelets 
originating from strongly anisotropic 2D electronic structure, Nature Nanotech. 12, 1155 (2017), 
[4] Y. Gao, M. C. Weidman and W. A. Tisdale, CdSe nanoplatelet films with controlled orientation of 
their transition dipole moment, Nano Lett. 17, 3837 (2017), 
[5] X. Ma, B. T. Diroll, W. Cho, I. Fedin, R. D. Schaller, D. V. Talapin and G. P. Wiederrecht, Anisotropic 
photoluminescence from isotropic optical transition dipoles in semiconductor nanoplatelets, Nano 
Lett. 18, 4647 (2018), 
[6] F. Feng, L. T. NGuyen, M. Nasilowski, B. Nadal, B. Dubertret, L. Coolen and A. Maître, Consequence 
of shape elongation on emission asymmetry for colloidal CdSe/CdS nanoplatelets, Nano Research 11, 
3593 (2018), 
[7] Z. Chen, B. Nadal, B. Mahler, H. Aubin and B. Dubertret, Quasi-2D colloidal semiconductor 
nanoplatelets for narrow electroluminescence, Adv. Funct. Mat. 24, 295 (2014), 
[8] C. E. Rowland, I. Fedin, H. Zhang, S. K. Gray, A. O. Govorov, D. V. Talapin and R. D. Schaller, Nature 
Materials 14, 484 (2015), 

http://pubs.acs.org/


[9] E. Lhuillier, S. Pedetti, S. Ithurria, H. Heuclin, B. Nadal, A. Robin, G. Patriarche, N. Lequeux and B. 
Dubertret, Electrolyte-gated field effect transistor to probe the surface defects and morphology in 
films of thick CdSe colloidal nanoplatelets, ACS Nano 8, 3813 (2014), 
[10] J. Q. Grim, S. Christodoulou, F. Di Stasio, R. Krahne, R. Cingolani, L. Manna and I. Moreels, 
Continuous-wave biexciton lasing at room temperature using solution-processed quantum wells, 
Nature Nanotech. 9, 891 (2014), 
[11] B. Guzelturk and H. V. Demir, Near-field energy transfer using nanoemitters for optoelectronics, 
Adv. Funct. Mater. 26, 8158 (2016), 
[12] W. D. Kim, D. Kim, D.-E. Yoon, H. Lee, J. Lim, W. K. Bae and D. C. Lee, Pushing the efficiency 
envelope for semiconductor nanocrystal-based electroluminescence devices using anisotropic 
nanocrystals, Chem. Mater. 31, 3066 (2019), 
[13] M. D. Tessier, L. Biadala, C. Bouet, S. Ithurria, B. Abécassis and B. Dubertret, Phonon line emission 
revealed by self-assembly of colloidal nanoplatelets, ACS Nano 7, 3332 (2013), 
[14] B. Abécassis, Three-dimensional self assembly of semiconducting colloidal nanocrystals: from 
fundamental forces to collective optical properties, ChemPhysChem 17, 618 (2016), 
[15] A. Yeltik, S. Delikanli, M. Olutas, Y. Kelestemur, B. Guzelturk and H.V. Demir, Experimental 
determination of the absorption cross-Section and molar extinction coefficient of colloidal CdSe 
nanoplatelets, J. Phys. Chem. C 119, 26768 (2015), 
[16] A. W. Achtstein, A. Antanovich, A. Prudnikau, R. Scott, U. Woggon and M. Artemyev, Linear 
absorption in CdSe nanoplates: the thickness and lateral size dependency of the intrinsic absorption, 
J. Phys. Chem. C 119, 20156 (2015), 
[17] B. Abécassis, M. D. Tessier, P. Davidson and B. Dubertret, Self-assembly of CdSe nanoplatelets into 
giant micrometer-scale needles emitting polarized light, Nano Lett. 14, 710 (2014), 
[18] S. Jana, T. N. T. Phan, C. Bouet, M. D. Tessier, P. Davidson, B. Dubertret and B. Abécassis, Stacking 
and colloidal stability of CdSe nanoplatelets, Langmuir 31, 10532 (2015), 
[19] A. W. Achtstein, R. Scott, S. Kickhöfel, S. T. Jagsch, S. Christodoulou, G. H. V. Bertrand, A. V. 
Prudnikau, A. Antanovich, M. Artemyev, I. Moreels, A. Schliwa and U. Woggon, p-state luminescence 
in CdSe nanoplatelets : role of lateral confinement and a longitudinal optical phonon bottleneck, Phys. 
Rev. Lett. 116, 116802 (2016), 
[20] B. T. Diroll, W. Cho, I. Coropceanu, S. M. Harvey, A. Brumberg, N. Holtgrewe, S. A. Crooker, M. R. 
Wasielewski, V. B. Prakapenka, D. V. Talapin and R. D. Schaller, Semiconductor nanoplatelet excimers, 
Nano Lett. 18, 6948 (2018), 
[21] J. Yu, C. Zhang, G. Pang, X. W. Sun and R. Chen, Effect of lateral size and surface passivation on the 
near-band-edge excitonic emission from quasi-two-dimensional CdSe nanoplatelets, ACS Appl. Mater. 
Interfaces 11, 41821 (2019), 
[22] E. V. Shornikova, D. R. Yakovlev, L. Biadala, S. A. Crooker, V. V. Belykh, M. V. Kochiev, A. 
Kuntzmann, M. Nasilowski, B. Dubertret and M. Bayer, Negatively charged excitons in CdSe 
nanoplatelets, Nano Lett. 20, 1370 (2020), 
[23] B. Guzelturk, O. Erdem, M. Olutas, Y. Kelestemur and H. V. Demir, Stacking in colloidal 
nanoplatelets : tuning excitonic properties, ACS Nano 8, 12524 (2014), 
[24] J. Liu, L. Guillemeney, B. Abécassis and L. Coolen, Long range energy transfer in self-assembled 
stacks of semi-conducting nanoplatelets, Nano Lett. 20, 3465 (2020), 
[25] S. Jana, P. Davidson and B. Abécassis, CdSe nanoplatelets : living polymers, Angew. Chem. Int. Ed. 
55, 9371 (2016), 
[26] S. Jana, M. de Frutos, P. Davidson and B. Abécassis, Ligand induced twisting of nanoplatelets and 
their self-assembly into chiral ribbons, Sci. Adv. 3, e:1701483 (2017), 
[27] W. D. Kim, D.-E. Yoon, D. Kim, S. Koh, W. K. Bae, W.-S. Chae and D. C. Lee, Stacking of colloidal 
CdSe nanoplatelets into twisted ribbon superstructures, J. Phys. Chem C 123, 9445 (2019), 
[28] I. Dozov, C. Goldmann, P. Davidson and B. Abécassis, Probing permanent dipoles in CdSe 
nanoplatelets using transient electric birefringence, Nanoscale (2020), DOI 10.1039/D0NR00884B, 
[29] X. Brokmann, M.-V. Ehrensperger, J.-P. Hermier, A. Triller and M. Dahan, Orientational imaging 
and tracking of single CdSe nanocrystals by defocused microscopy, Chem. Phys. Lett. 406, 210 (2005), 

https://doi.org/10.1039/D0NR00884B


[30] M. P. Backlund, M. D. Lew, A. S. Backer, S. J. Sahl, G. Grover, A. Agrawal, R. Piestun and W.E. 
Moerner, Simultaneous, accurate measurement of the 3D position and orientation of single molecules, 
Proc. Natl. Acad. Sci.  109, 19087 (2012), 
[31] C. Vion, P. Spinicelli, L. Coolen, C. Schwob, J.-M. Frigerio, J.-P. Hermier and A. Maître, Controlled 
modification of single colloidal CdSe/ZnS nanocrystal fluorescence through interactions with a gold 
surface, Opt. Express 18, 7440 (2010), 
[32] R. Jazi, T. P. L. Ung, G. Colas des Francs, M. Nasilowski, B. Dubertret, J.-P. Hermier, X. Quélin and 
S. Buil, Measuring the orientation of a single CdSe/CdS nanocrystal at the end of a near-field tip for the 
realization of a versatile active SNOM probe, Phys. Chem. Chem. Phys. 20, 16444 (2018), 
[33] M. Brotons-Gisbert, R. Proux, R. Picard, D. Andres-Penares, A. Branny, A. Molina-Sanchez, J. F. 
Sanchez-Royo and B. D. Gerardot, Out-of-plane orientation of luminescent excitons in two-dimensional 
indium selenide, Nature Comm. 10:3913 (2019), 
[34] O. Erdem, K. Gungor, B. Guzelturk, I. Tanriover, M. Sak, M. Olutas, D. Dede, Y. Kelestemur and H. 
V. Demir, Orientation-controlled nonradiative energy transfer to colloidal nanoplatelets : engineering 
dipole orientation factor, Nano Lett. 19, 4297 (2019), 
[35] F. Feng, L. T. NGuyen, M. Nasilowski, B. Nadal, B. Dubertret, A. Maître and L. Coolen, Probing the 
fluorescence dipoles of single cubic CdSe/CdS nanoplatelets with vertical or horizontal orientations, 
ACS Photonics 5, 1994 (2018), 
[36] C. Lethiec, J. Laverdant, H. Vallon, C. Javaux, B. Dubertret, J.-M. Frigerio, C. Schwob, L. Coolen and 
A. Maître, Measurement of three-dimensional dipole orientation of a single fluorescent nanoemitter 
by emission polarization analysis, Phys. Rev. X 4, 021037 (2014), 
[37] L. Novotny and B. Hecht, Principles of Nano-Optics, Cambridge University Press, Cambridge 
(United Kingdom, 2006), 
[38] G. Nair, J. Zhao and M. G. Bawendi, Biexciton quantum yield of single semiconductor nanocrystals 
from photon statistics, Nano Lett. 11, 1136 (2011), 
[39] X. Ma, B. T. Diroll, W. Cho, I. Fedin, R. D. Schaller, D. V. Talapin, S. K. Gray, G. P. Wiederrecht and 
D. J. Gosztola, Size-dependent biexciton quantum yields and carrier dynamics of quasi-two-
dimensional core/shell nanoplatelets, ACS Nano 11, 9119 (2017), 
[40] A. V. Rodina and Al. L. Efros, Effect of dielectric confinement on optical properties of colloidal 
nanostructures, JETP 122, 554 (2016), 
[41] S. L. Chuang, Physics of Optoelectronic devices, Wiley-Interscience, New-York (United States, 
1995), 
[42] L. Biadala,  F. Liu, M. D. Tessier, D. R. Yakovlev, B Dubertret and M. Bayer, Recombination dynamics 
of band edge excitons in quasi-two-dimensional CdSe nanoplatelets, Nano Lett. 14, 1134 (2014), 
[43] Al. L. Efros, M. Rosen, M. Kuno, M. Nirmal, D. J. Norris and M. G. Bawendi, Band-edge exciton in 
quantum dots of semiconductors with a degenerate valence band: dark and bright exciton states, Phys. 
Rev. B 54, 4843 (1996) 
[44] J. L. Movilla, J. Planelles and J. I. Climente, Dielectric confinement enables molecular coupling in 
stacked colloidal nanoplatelets, J. Phys. Chem. Lett. 11, 3294 (2020), 
[45] J. Llusar, J. Planelles and J. I. Climente, Strain in lattice-mismatched CdSe-based core/shell 
nanoplatelets, J. Phys. Chem. C 123, 21299 (2019), 
[46] A. Antanovich, A. Prudnikau, A. Matsukovich, A. Achtstein and M. Artemyev, Self-assembly of CdSe 
nanoplatelets into stacks of controlled size induced by ligand exchange, J. Phys. Chem. C 120, 5764 
(2016), 
[47] K. Xiao, T. Yan and X. Cui, Dipole orientation shift of Ga2Se2 by quantum confinement, ACS Nano 
14, 1027 (2020). 


