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colloidal synthesis in 2015,[2] ample work 
has been published featuring the excellent 
optoelectronic properties of these solution-
processable materials,[3] from the emission 
tunability via size, composition,[2,4] and 
doping,[5] to the high quantum yields (QY) 
despite significant structural disorder.[6] 
These advantages make PNCs particularly 
suitable for a variety of applications such 
as solid-state lighting,[7] lasing,[8] solar 
cells,[9] and luminescent solar concentra-
tors (LSCs).[10] Despite the vast literature 
devoted to understanding and optimizing 
their optical properties and some impres-
sive proof of principle devices,[11] PNCs 
sensitivity to light, temperature, and 
environmental exposure has thus far pre-
vented their use in widely functional opto-
electronic devices. Moreover, such limited 
stability prevents a thorough study of exci-
tons transport at the nanoscale, which is 
pivotal in understanding and optimizing 
the PNCs optoelectronic properties 
towards the realization of efficient devices.

One way to assess their potential for optoelectronics appli-
cation is by investigating their exciton transport with exciton 
diffusion measurements. Exciton diffusion mediated by 
Förster resonance energy transfer (FRET) is responsible for 
very efficient energy transport in several processes in nature, 
for instance photosynthesis, but also in artificial systems, 
such as in quantum dots (QDs) solids.[12] In the latter case, 
it is possible for an exciton to hop onto an adjacent QD by 
FRET mechanism, provided that other conditions for FRET 
beyond the short distance are met, for instance a significant 
degree of spectral overlap between the emission spectrum of 
the excited QD and the absorption spectrum of the ground 
state QD that is receiving the exciton. Our group has recently 
demonstrated FRET-mediated transport in a carefully engi-
neered system that allowed to create long-range ordered 2D lat-
tices of close-packed PNCs[13] and obtain a record transport of 
200 nm,[13] one order of magnitude larger than what previously 
observed in close-packed arrays of inorganic QDs (30  nm)[14] 
and PNCs assemblies (up to 50–70 nm).[15] Here, we expanded 
our investigation by reporting for the first time a complete spec-
trally resolved map of the exciton diffusion spot in a similar 

Colloidal inorganic perovskite nanocrystals (PNCs) are solution-processable 
optoelectronic materials whose emission can be easily tuned via both size 
and composition while maintaining high photoluminescence quantum yield. 
Despite their relative defect tolerance, they suffer from photoinduced damage 
and degradation under ambient conditions. The lack of long-term stability is 
addressed by investigating how a ≈3 nm transparent ceramic coating applied 
onto a thin layer of close-packed PNCs via atomic layer deposition (ALD) 
affects the exciton mobility across the PNCs. Samples coated via both thermal 
and plasma ALD are compared, as well as an uncoated one. Exciton diffusion 
measurements yield a record value for all samples, up to λD = 480 ± 24 nm, one 
order of magnitude larger than the previously reported values for chalcogenide 
quantum dots and more than two times larger than what was previously found 
for the PNCs. Moreover, the ALD-coated samples show stable photolumines-
cence intensity and energy over 1 year time span. The measurement approach 
allows for discerning minimal variations in the local luminescence and quali-
tatively correlating them to the samples’ morphology. Hence, it is shown that 
PNCs coated with an ultrathin ALD film become a very versatile optoelectronic 
material that can be employed in devices beyond proof of principle.
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1. Introduction

Perovskite nanocrystals (PNCs) have recently become the sub-
ject of intense research efforts.[1,2] After the first report of their 
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self-assembled close-packed monolayer of PNCs. Importantly, 
the spectral resolution gives complementary information to 
the time-resolved map, shining light on the spatially dependent 
spectral change that could be either due to thermalization onto 
larger PNCs (with smaller energy gaps) or due to defects.

The ability of an exciton to travel for long distances without 
perturbations is of great importance in optoelectronic applica-
tions. In order to promote this, one needs to implement strate-
gies to maintain the optical stability over time. Therefore, in this 
manuscript, we expand the work we did in the previous work[13] 
by comparing samples with two differently processed protec-
tive coatings. Recently, several passivation strategies have been 
explored in order to overcome the stability issues that hinder 
the actual employment of PNCs in optoelectronic devices,[16] 
most commonly, crosslinking of the surface ligands[17] or the 
application of polymeric coatings.[18] Atomic layer deposition 
(ALD) is another promising passivation technique that eschews 
complex synthetic steps and provides durable ceramic barriers 
for protecting the PNCs against exposure to humid air, oxygen, 
and other environmental factors that can affect their optical 
and structural shelf life, with thicknesses controllable to a sub- 
angstrom level.[19] Recently, protective dielectric films with 
overall thickness ≈50  nm  grown by ALD have been shown to 
significantly improve the long-term stability of PNC thin films 
up to 45 days.[16b] In our previous work,[13] we relied on plasma 
ALD to deposit an ultrathin (3  nm) alumina layer. Here, we 
expanded such study by preparing and comparing two mon-
olayer films of close-packed cesium lead bromide (CsPbBr3) 
PNCs from the same colloidal suspension. We coated them 
with a 3 nm thick layer of alumina, deposited by either 
thermal[19a,20] or plasma[21] assisted ALD, in order to address 
some critical issues: 1) achieving a long-term stability (up to 1 
year) of both optical and structural properties; and 2) ensuring 
that these properties are not affected by the deposition process.

We, therefore, performed a suite of optical characterizations on 
the two samples, measuring their photoluminescence (PL) spectra 
and their lifetimes over a time span of 1 year, as well as performing 
a detailed investigation of the exciton diffusion in our samples. 
The high resolution of our setup allowed us to discern slight, but 
very relevant, differences between them, while also recording an 
exceptional diffusion length of over 400 nm. We found that both 
the plasma and the thermal processes provide an effective coating 
that preserved the PNC optical properties. In each case, after an 
initial depreciation over 4 months, both samples reached an opti-
cally stable state, which remained unchanged for over 1 year. Our 
work highlighted the feasibility of ALD surface passivation, dem-
onstrating that an ultrathin layer of ALD alumina (≈3 nm) is suffi-
cient to ensure stable optical properties after 1 year. Moreover, the 
exceptional exciton diffusion lengths recorded for our ALD-coated 
PNCs films constitutes a remarkable result towards their actual 
integration into photonic and optoelectronic devices.

2. Results and Discussion

2.1. Sample Architecture and Optical Characterization

In order to examine the effect of ALD growth on the PNC 
surface, it is necessary to remove all other layers and work 
only on close-packed monolayer films. By spin coating from 

toluene solutions of PNCs, monolayers are deposited on 
–CH-terminated polymer functionalized surfaces.[11d,13] A fun-
damental characterization of the as-synthetized sample is 
reported in the Supporting Information (see Figure S1a–c, 
Supporting Information, for optical absorption and PL inten-
sity, X-ray diffraction, and transmission electron micros-
copy, respectively). Spin-coating parameters are optimized to 
achieve a close-packed monolayer (see Experimental Section 
for details).[13] The samples are then ready for ALD (Figure 1a. 
We used two distinct ALD processes, namely, a thermal process 
and a plasma process, to compare the effect of the different 
conditions for depositing the protective layer on the perovskite 
monolayer. We leave left one sample uncoated for comparison. 
In Figure  1b,c, we report the optical performance of the three 
samples (thermal, plasma, and uncoated) after preparation. The 
normalized PL intensity shows a peak centered at 518 nm for 
the samples with an ALD coating, with a full width at half max-
imum (FWHM) of 16 and 20 nm for the thermal and plasma 
samples, respectively. The main peak of the uncoated sample is 
slightly redshifted, centered at 523 nm (FWHM = 18 nm), likely 
due to a prompt and irreversible degradation of the PNCs upon 
exposure to light and/or air (Figure 1b). In order to make sure 
that the whole deposition process was repeatable, we have pre-
pared and optically characterized three samples for each kind. 
In Figure  S2, Supporting Information, we report the time-
resolved PL of all samples for comparison, which show the sim-
ilarity of the decay traces between each kind of sample.

In addition, the uncoated sample shows a broad, low energy 
band, usually ascribed to emission from excitons or carriers 
trapped at the surface in similar systems.[22] The low energy 
band is absent in both of the ALD coated samples, consistent 
with our assumption of fewer surface traps. In order to provide 
a more quantitative comparison between the optical perfor-
mances, we measured the radiative lifetime decay traces of each 
sample (Figure 1c). The thermal ALD sample featured a double 
exponential decay whose slow component (accounting for >70% 
of the signal) exhibited a 5 ns lifetime. A very similar lifetime 
(4.95 ns, >70% of the signal) is observed for the plasma deposited 
sample. The fast component accounting for the remaining part 
of the signal (<30% in both cases) was slightly different, with a 
1.7 ns lifetime for the thermal sample and a shorter lifetime of 
1.4 ns for the plasma sample. This difference is likely due to the 
introduction of nonradiative recombination channels during the 
coating or differences in coating efficacy. Both the fast and slow 
components are reported for comparison in Figure  1d for the 
thermal, plasma and uncoated sample. The latter, as expected, 
exhibits a significant quenching of its PL emission compared 
to the coated samples, in terms of both lifetimes and intensity 
(Figure 1e). The uncoated sample exhibits a double exponential 
decay with a fast component of 0.9  ns, accounting for 30% of 
the signal, and a slow component of 4.0 ns,  for the remaining 
70% of the decay. The PL lifetime and corresponding τfast and 
τslow are reported in Figure S3a,b, Supporting Information.

2.2. Evolution of the Optical Properties Over Time

To investigate the efficacy of the different passivation methods 
over time, pivotal to assess the viability of our approach for 
potential applications, we measured the time-resolved PL 
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intensity of our samples (Figure 2a,b) at the time of prepara-
tion, after 1 month of exposure to ambient air (with a rela-
tive humidity of 40%  ±  10%), after three additional months  
(4 months in total), and eventually 1 year in total. The two 
samples exhibited a similar behavior, with a degradation in 
the optical properties that proceeded steadily over a 4 month 
period and then saturated and remained constant. Importantly, 
this plateauing of the optical degradation suggests that the thin 
ALD coating effectively acts as a barrier that prevents humid 
air and oxygen from permeating further after a few months, 
which is very important for the actual employment of PNCs 
monolayers into any optoelectronic applications. The thermal 
sample maintained a better decay trace overall, but both were 
significantly better than the uncoated sample, whose lifetime 
decreases soon after the PNCs deposition process takes place.

In order to better investigate the impact of the coating mecha-
nism at critical length scale, we recorded atomic force micros-
copy (AFM) and scanning electron microscopy (SEM) images of 

both films after the stabilization of their optical properties (that 
is, ≈4 months) and observed very different morphologies. The 
AFM image of the thermal sample (Figure 2c) showed a signifi-
cant number of large cube-like structures (up to 80 nm on edge), 
which are absent from the plasma sample AFM (Figure 2d).

These results were confirmed by SEM (Figure  2e,f). While 
the thermal film coverage appeared to be slightly more uniform, 
featuring a lower root mean square value measured by AFM 
(3.0 ± 0.4 and 3.8 ± 0.2 nm for the thermal and plasma samples, 
respectively), it also displayed significant changes in the film 
morphology, resulting in the observed uniform distribution of 
large cubic aggregates. Such sintering of the PNCs into larger 
structures likely stemmed from a combination of water, tem-
perature, and the ultrathin layer of PNCs. The thin film is more 
sensitive to structural annealing effects than thicker multilayer 
films. Nonetheless, access of water and oxygen molecules to the 
PNCs is limited enough to allow a partial preservation of the 
optical properties over time.

Figure 1.  a) Schematic of the sample architecture. Samples consist of a silicon substrate coated with a 10 nm thick –CH-terminated polymer. CsPbBr3 
NCs (10 nm edge lengths) are deposited onto this layer and coated with a 3 nm layer of Al2O3 deposited via ALD. b) PL spectra for a set of samples of 
CsPbBr3 perovskite NCs deposited onto a polymer-coated silicon substrate. The thermal (green line) and plasma (red line) samples are coated with a 
3 nm thick layer of Al2O3. An uncoated sample (black line) is measured for comparison. The PL spectra are vertically shifted for clarity. A gray shade is 
used to highlight the difference in the peak position between the ALD-coated and -uncoated samples. The orange shade indicates the defect-related broad 
band. c) Normalized time-resolved PL intensities of the same samples reported in (a). The same color code as in (a) applies. The respective double 
exponential fits are reported onto each decay curve as white dots. d) Fast (left axis, diamonds) and slow (right axis, circles) components of the double 
exponential decays and relative fits reported in (c). The same color code as in (b) and (c) applies. e) Integrated PL intensity of the three samples as in (b), 
(c) and (d), normalized to the intensity of the thermal sample. All measurements are performed at room temperature under 465 nm pulsed excitation.
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In order to test if increasing the water content during the 
thermal process negatively affects the optical properties, we 
coated two PNC monolayers with thermal ALD at different 
water pressures (80 and 150 mTorr). The PL spectra (Figure 3a 
and decay traces (Figure  3b) showed no difference between 
the two pressures, without any defect-related band, unlike the 
uncoated sample that was made for comparison, suggesting 
that the increased pressure does not generate additional 
defects. As for the decay traces, similarly to what was already 
observed in the initial thermal sample, there was a degradation 
over time that eventually saturates after a 4 month time span, 
but no difference between the two pressures was observed. 
SEM images on both samples (Figure 3c,d) confirmed the for-
mation of large structures all over the samples, with a similar 
concentration, suggesting that the increasing pressure does not 
introduce more defects or promote significantly more sintering 
of the PNCs.

2.3. Investigating the Steady-State Exciton Diffusion

Despite the significant morphological changes occurring to 
the thermal sample upon deposition of the alumina coating, 
there was no sign of a significant change in the PL spectra 

of the overall sample. This is not surprising, since this mate-
rial system lies in the weak confinement regime, with a Bohr 
diameter of 7  nm for CsPbBr3, smaller than the 10  nm-side 
cubes. As a result, the emission from larger cubes occurs 
from the same excitons without any noticeable red shift due 
to the larger cubes. On the other hand, it can reasonably be 
inferred that the presence of large cubes affects the motion of 
excitons through the sample. Exciton diffusion is particularly 
important for light-harvesting applications. In order to verify 
this assumption and to further explore the actual potential of 
our system for optoelectronic applications, we performed a set 
of exciton diffusion measurements on the samples and inves-
tigated how the different protective coatings, thermal versus 
plasma, affect the diffusion process. In our previous work,[13] 
we thoroughly discussed the exciton diffusion dynamics on a 
similar close-packed monolayer of perovskite nanocubes and 
reported a record diffusion length of 200  nm. Here, we built 
on this work to study the diffusion process by comparing the 
plasma, thermal and uncoated sample via steady-state and 
spectrally resolved diffusion measurements. The close-packed 
distribution of our emitters is pivotal to achieve such results, 
since the distance between the PNCs enables an efficient FRET 
process while the monolayer provides a strong constraint for 
confining the excitons motion in a 2D plane. As a result, it 

Figure 2.  Normalized time-resolved PL intensities for a film of NCs coated by a) thermal and b) plasma ALD deposition of aluminum oxide, measured 
immediately after the sample preparation, after 1 month, after 3 months (colored lines), and after 1 year (solid gray line). All decay traces are fitted with 
double-exponential curves and all the fits are reported with white dots. AFM images of a portion of the c) thermal and d) plasma samples after 4 months 
(i.e., after the optical stabilization is reached), yielding root mean square values of 3.0 ± 0.4 and 3.8 ± 0.2 nm for the thermal and plasma samples, 
respectively. The scale bar is 500 nm. SEM micrographs of the e) thermal and f) plasma samples. Scale bar is 100 nm. Both the AFM and SEM images 
were collected after 4 months from the sample deposition. All measurements are performed at room temperature under 465 nm pulsed excitation.

Adv. Optical Mater. 2020, 8, 2000900
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was possible to directly visualize the exciton diffusion in two 
dimensions and to study and compare results between dif-
ferent samples.

We started by perpendicularly exciting the samples with a 
diffraction limited laser spot (see Figure  4a, top panel). The 
nominal FWHM for a 465  nm  excitation wavelength with an 
air objective with NA = 0.95 would be 245  nm.  We found an 
average value of 297  nm  due to the convolution of the laser 
beam with the point spread function (PSF) of our optical 
system, which we use later to calculate the diffusion length. By 
focusing the laser beam onto our sample, a local population of 
excited states is generated, with an initial spatial distribution 
that mirrors the laser beam profile. If an exciton generated onto 
a PNC is able to hop onto adjacent, non-excited PNCs, then 
the initially excited population undergoes a radial diffusion 
process that, similarly to any diffusion described by the Fick’s 
laws, stems from a concentration gradient (in this case, con-
centration of excitons) and results in a broadening of the initial 
Gaussian profile over time and space. Hence, by filtering out 
the excitation, we collected the image of the PL that is spatially 
broader than the excitation spot, with an increase in the spot 

size that depends on the ability of the excitons to hop onto a 
neighbor before recombining.

The collected PL was sent to a high-definition CCD camera, 
where we recorded the spatially resolved diffusion profile. If the 
sample exhibits any diffusion, the collected spot will be broader 
than the excitation spot, as illustrated by the 3D Gaussian pro-
files in Figure 4a for the incoming laser beam (top panel) and the 
PL (bottom panel). An example of raw diffusion images collected 
with the camera is reported in Figure 4b, showing the excitation 
spot (first image) and the PL map for the three samples, uncoated, 
thermal, and plasma respectively, providing a first qualitative over-
view of the results. All three samples show a significant amount 
of diffusion compared to the excitation spot, but the thermal and 
plasma samples exhibit a stronger PL intensity and a slightly 
broader PL spot. Importantly, all images show a complete degree 
of symmetry of the radial diffusion, which suggests that there are 
no additional effects causing any anisotropy in the direction of 
the excitons motion and therefore in the diffusion profile.

In order to better analyze the image, we extracted one line 
of the raw PL intensity image (passing through the center) and 
plotted it as a function of space. Figure 4c reports the average 

Figure 3.  a) PL spectra for a set of samples of CsPbBr3 perovskite NCs deposited onto a polymer-coated silicon substrate, coated with ALD deposited 
aluminum oxide by thermal process at two different water pressures, namely, P = 80 mTorr (light green) and P = 150 mTorr (dark green). An uncoated 
sample (solid black line) is measured for comparison. The PL spectra are vertically shifted for clarity. The orange shade indicates the defect-related 
broad band. b) Normalized time-resolved PL intensities for a film of NCs coated by thermal ALD deposition with different water pressure, namely, 
P = 80 mTorr and P = 150 mTorr (light and dark green, respectively), as long as with an uncoated sample used for comparison (solid black line). The 
thermally coated samples are reported after preparation (solid green lines) and after three additional months (dashed green lines). All optical measure-
ments were performed at room temperature, under 465 nm pulsed excitation. SEM micrographs of the thermally coated samples at c) P = 80 mTorr 
and d) P = 150 mTorr after 4 months from the sample preparation. Scale bar is 100 nm.

Adv. Optical Mater. 2020, 8, 2000900
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PL profile for each sample (uncoated, thermal, and plasma, 
respectively, starting from the top) calculated from more 
than 50  images collected for each sample. The laser profile is 
displayed as a purple shade for comparison. A first glance at the 
Gaussian profiles immediately allows one to appreciate a large 
FWHM, around 1  µm,  for all samples, compared to the laser 
profile. Deconvolving the Gaussian profile[13] shows exciton dif-
fusion lengths of over 400 nm. However, there is a significant 
difference in the standard deviation for the three samples, which 
results in a percentage error with respect to the average value of 
19%, 12%, and 5% for the uncoated, thermal, and plasma sam-
ples, respectively. Such difference can also be appreciated in the 
histograms of the FWHM counts reported in Figure 4d, which 
shows a broader distribution compared to the average value 
(reported as a solid blue line for all samples) with respect to the 
uncoated sample. Both data hint to an overall better uniformity 
of the coated samples, resulting in more consistent measure-
ments of the diffusion profiles. Moreover, both the profiles and 
the average values on the statistic plots (all reported with the 
same y scale) suggest that a larger FWHM value is obtained 
for the coated samples and more specifically for the plasma, 
leading to an exceptional value of 1.21  ±  0.07  µm  of FWHM. 
By using the steady-state formula for calculating the diffusion 
length, we obtain λD = 480 ± 24, 436 ± 52, and 421 ± 80 nm for 
the plasma, thermal, and uncoated samples, respectively. It is 
worth to notice that this exceptional result is in part due to the 
ALD coating, which helps preserving the optical properties over 
time, and in part to the longer lifetime compared to our pre-
vious results. Having an average lifetime more than twice as 
long results in more hops across PNCs, and therefore longer 
travel distances.

2.4. Exploring the Spectrally Resolved Exciton Diffusion

After obtaining a first evaluation of the quality of the film 
via a steady-state measurement of the exciton diffusion, 
we performed a spectrally resolved scan of the diffusion pro-
files. In this case, we relied on a custom-built feature of our 
setup that allows one to excite the sample with a diffraction lim-
ited laser spot and collect the magnified PL emission (100×) by 
a single-mode fiber. Such fiber was mounted on a translation 
stage that systematically scans the fiber aperture in the focal 
plane of the microscope and sends the collected light to a spec-
trometer in order to provide spectral resolution and collect a PL 
spectrum at each fiber position. By reporting the PL spectra col-
lected for each step over the diffusion profile, we obtained the 
contour plots reported in Figure 5a for the uncoated, thermal, 
and plasma samples, respectively, starting from the top. Each 
measurement was centered at a 0 µm distance, corresponding 
to the position of the fiber that is coaligned with the center of 
the excitation/diffusion spot. Distances greater than zero rep-
resent the distance between the center of the PL spot and the 
center of the image of the fiber aperture on the sample plane.

A few differences were immediately evident, such as, for 
example, the red shifted emission of the uncoated sample, 
corresponding to the PL recorded for the whole sample. More-
over, the maxima of each PL spectra (highlighted with a solid 
white line) were not a straight line for all samples, but rather 
display some curvature. In order to analyze these measure-
ments in greater detail, we extracted and plotted data from the 
contour plots.

The intensity profile of the scanned spot over space is very 
similar to the profile extracted from a spatially resolved image, 

Figure 4.  a) Representative 3D mesh plots of a 465 nm laser spot (top panel) and relative larger PL at ≈518 nm, collected by filtering out the laser light, 
due to exciton diffusion in the thermal sample. b) Raw images recorded with a square CCD for the laser spot at 465 nm (first image) and for the PL, 
collected by filtering out the laser light, of the uncoated, thermal, and plasma samples. The original images are cropped around the diffusion spot for 
clarity. Scale bar is 1 µm in all images. c) Diffusion profiles for the uncoated, thermal, and plasma samples (black solid lines) averaged over more than 
50 measurements for each sample. The colored shade (gray, green, and red for uncoated, thermal, and plasma, respectively) represents the average 
trend ± the standard deviation, which is found to be 19%, 12%, and 5% for the uncoated, thermal, and plasma samples, respectively. d) Statistics of 
the average values measured for the three samples (uncoated, thermal, and plasma as top, center, and bottom panels). The average is reported with 
a solid blue line and is 0.9 ± 0.2, 1.07 ± 0.13, and 1.21 ± 0.06 µm for the uncoated, thermal, and plasma, respectively.
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as those shown in Figure  4. In Figure  5b, we reported the 
Gaussian-like profiles as extracted from the images in Figure 4b 
(top three profiles in Figure  5b) and the intensity profiles 
extracted as vertical slices from Figure  5a (bottom three pro-
files, for uncoated, thermal, and plasma starting from the top, 
respectively). The two set of profiles are very similar, with the 
only difference that the set extracted from the PL scan appears 
noisier due to little light being collected at each step. Interest-
ingly, as anticipated, the most significant difference in the PL 
spectra scans lies in the positioning of the PL maxima over the 
spatial scan. Specifically, a red shift is observed while transi-
tioning from the center of the excitation spot towards the outer 
edges, as highlighted by the solid white lines in Figure 5a. In 
order to better quantify the extent of such red shift for each 
sample, we plotted the PL maxima as a function of the space for 
the uncoated, thermal and plasma samples (Figure 5c). The PL 
maxima of different samples are centered at slightly different 
wavelengths (namely, 524 nm for the uncoated sample, 518 mn 
for the thermal, and 516 nm for the plasma), consistently with 
the PL obtained across the films as shown in Figure  1 and 
reported here in Figure 5d as a direct comparison.

Then, we observed that the extent of the shift is different for 
the three samples, as highlighted from colored shades under the 
trends. Whereas the uncoated sample and the plasma sample 
exhibit limited redshifts (≈0.8 and 1.2 nm, respectively), the red-
shift is more pronounced in the thermal sample, ≈2.8 nm. The 

presence of the redshift can be ascribed to a thermalization 
of the resonant energy transfer onto larger QDs with smaller 
energy gaps, which lowers the chances of back energy transfer 
onto a smaller adjacent PNC, and therefore lead to emission 
from a redshifted dot. The large cubes on the thermal sample 
likely represent a hindering factor that traps excitons, which are 
not capable of hopping onto an adjacent PNC.

Moreover, we cannot exclude that the redshift is further 
enhanced by the presence of surface defects, which would likely 
be formed during the ALD step due to the presence of water 
molecules, and that could lead to exciton self-trapping and 
therefore redshifted emission.

Overall, these measurements confirmed the better quality of 
the plasma sample, whose diffusion profile is more uniform 
across the sample and likely less affected by the ALD process 
which, despite the presence of a plasma, does not introduce 
any morphological change to the PNC monolayer, thus rep-
resenting a robust method for the deposition of an ultrathin 
transparent coating that effectively protects this material system 
for a significant amount of time.

3. Conclusions

In this work, we simultaneously tackled the PNCs stability 
issue under ambient conditions while enhancing significantly 

Figure 5.  a) Contour plot of the spectrally resolved diffusion for the uncoated, thermal, and plasma sample (top, center, and bottom panels, respec-
tively), collected by scanning a 5 m fiber with a translational stage and sending the PL to a spectrometer. The 0 µm distance corresponds to the position 
of the fiber that is coaligned with the center of the PL diffusion spot. The white line onto each contour plot connects the maxima of each PL spectra. 
b) PL intensity profile obtained by steady-state exciton diffusion (top black, green, and red solid lines for the uncoated, thermal, and plasma samples, 
respectively) and by integrating the PL spectra recorded at each fiber position (bottom lines, same color code). c) Wavelengths corresponding to the 
PL maxima of the spectra collected at each fiber position, as a function of the position. The uncoated, thermal, and plasma samples are reported as 
black circles, green triangles, and red squares, respectively. The wavelength shift is highlighted by colored shades. d) PL spectra of the overall diffusion 
spot for each sample, highlighting the correspondence of the wavelength maxima in (c) with the measurements across the whole diffusion spot. All 
measurements are performed at room temperature, under 465 nm pulsed excitation.
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the exciton transport through the sample by employing 
ultrathin aluminum oxide layers. We compare optical and dif-
fusion properties of close-packed, self-assembled thin films 
of cesium-lead-bromide PNCs, coated with a ≈3 nm thick alu-
minum oxide layer, deposited either by thermal or plasma ALD. 
In both cases, the transparent Al2O3 layer greatly increased the 
preservation of the PNCs optical properties, as demonstrated by 
comparison to an uncoated sample. Despite an initial degrada-
tion of the time traces over time, both coated samples reached 
a stable PL after 4 months, which remained unchanged for over 
1 year. Considering that perovskite materials easily undergo 
irreversible degradation due to air and humidity, and that our 
samples were stored in air at room temperature, this result 
demonstrated the applicability of this system for optoelectronic 
devices. On the other hand, the two deposition processes yielded 
a very different effect on the morphology of the PNC film, with 
the thermal sample displaying a significant amount of large 
(tens of nanometers) sintered cubes across the whole sample, 
which were not present in the plasma sample. This was likely 
due to a combined effect of water, heat, and a thin monolayer of 
PNCs during the thermal deposition process, which promoted 
the sintering of PNCs into larger structures. Conversely, despite 
the presence of a plasma that may damage the organic ligands 
of the PNCs and therefore lead to a less uniform coating layer, 
we did not observe morphological changes in the plasma 
sample. These changes in the morphology directly affect the 
motion of excitons across the 2D lattice of self-assembled 
PNCs, as we showed by performing exciton diffusion measure-
ments on both the coated and uncoated samples. The plasma 
sample yielded the best results, providing the larger diffusion 
length, with a record value of λD = 480 ± 24 nm, which is one 
order of magnitude larger than previously reported values for 
traditional chalcogenide QDs[14] and more than two times larger 
than what was previously found by our group.[13] On the other 
hand, while still obtaining good results in terms of diffusion 
length, the thermal sample showed a significant redshift (up to 
≈3  nm)  of the PL maxima while looking at the PL spectrum 
from the center of the excitation spot toward the tails. Such 
effect is likely due to the thermalization of an exciton onto 
larger dots or sintered large cubes, from where it cannot be 
transferred back onto a smaller PNC; surface defects arising 
during the thermal process may also contribute to the redshift 
by causing exciton self-trapping onto surface states.

In conclusion, our investigation demonstrated that the addi-
tion of an ultrathin transparent, protective layer provides sig-
nificant benefits to the PNCs monolayer preservation and shelf-
life, which is of paramount importance for employing PNCs as 
optically active materials in actual optoelectronic devices.

4. Experimental Section
Synthesis of CsPbBr3 PNCs: CsPbBr3 PNCs were synthesized by 

a procedure adapted from the original report.[2] All chemicals were 
purchased from Sigma-Aldrich and used as received without further 
purification. Cs2CO3 (1.2 mmol) was added to 10 mL 1-octadecene and 
stirred at 120 °C under vacuum for 1 h. Oleic acid (2 mmol) was injected 
under nitrogen atmosphere and resulting mixture was stirred at 120 °C 
for 2 h until fully dissolved. In a separate container, PbBr2 (0.19 mmol) 
was added to 5  mL 1-octadecene and stirred at 120  °C under vacuum 
for 1 h. Oleic acid (1.6 mmol) and oleylamine (1.5 mmol) were injected 

under nitrogen atmosphere. The resulting mixture was stirred at 120 °C 
for 2 h until fully dissolved, then was heated to 165 °C. A total of 0.4 mL 
of hot Cs2CO3 solution was added to this preheated solution under 
nitrogen atmosphere with vigorous stirring. Reaction was stirred for 5 s 
and cooled rapidly in an ice bath until the reaction mixture solidified.

After freezing, the reaction mixture was warmed to room temperature 
and transferred into centrifuge tubes. The mixture was centrifuged at 
8500 rpm for 10 min. The supernatant was discarded, and the pellet was 
redispersed in anhydrous hexane (6 mL). An equal volume of tert-butanol 
was added to precipitate the nanocrystals, and the mixture was centrifuged 
at 12 000 rpm for 15 min. The supernatant was discarded, and the pellet 
was dispersed in toluene. These solutions were then centrifuged for 5 min 
at 700 rpm, and the pellet was discarded to remove large aggregates. The 
supernatant was transferred to a glove box for film deposition.

Sample Preparation: PNC close-packed thin films were prepared by spin 
coating (1500 rpm, 45 s) from a colloidal suspension of CsPbBr3 PNCs in 
toluene (3 g L–1) onto Si wafers coated with 10 nm of a –CH-terminated 
polymer. The hydrocarbon polymer was deposited by polymerizing 
methane in a plasma chamber (40 mTorr, RF power 100  W, 10  °C, 
Oxford Instruments). Aluminum oxide (3  nm) was deposited via either 
thermal- or plasma-assisted ALD at 40 °C (FLEXAL, Oxford Instruments). 
Deposition details are as follows: trimethylaluminum at 30 °C, dosed by 
vapor draw. Thermal process at 40 °C: TMA dose—25 ms, 80 mTorr; TMA 
purge—5 s; water dose—30  ms, 80 mTorr; water purge—7 s. Plasma 
process at 40 °C: TMA dose—25 ms, 80 mTorr; TMA purge—5 s; plasma 
dose—1 s, 40 mTorr; water purge—4 s.

Deposition rates were characterized by ellipsometry (Horiba UVVISEL 
spectroscopic ellipsometer) and were found to be 0.074  nm per cycle 
for the thermal process and 0.17 nm per cycle for the plasma process. 
In order to deposit the target 3 nm thickness, the thermal process was 
run for 40 cycles while the plasma process was run for 17 cycles. All films 
were characterized by SEM (Zeiss).

Time-Resolved and Spectrally Resolved PL Spectroscopy: A pulsed laser 
source (center wavelength 465 nm with a 2.5 nm bandwidth; 5 ps pulse 
duration; 40  MHz repetition rate; 0.1 µJ  cm–2 fluence) was collimated 
and focused by a 100 × 0.95 NA objective lens. The back aperture of the 
objective was overfilled to ensure diffraction-limited performance. Emission 
from the sample was collected by the same objective and directed onto 
a 300  µm diameter fiber (Thorlabs) coupled to an Ocean Optics Flame 
spectrometer to obtain the PL spectra. The time-resolved measurements 
were performed by sending the signal to a single-photon counting 
avalanche photodiode (MPD PDM-series) connected to a time-correlated 
single-photon counting unit (Picoharp 300). The temporal resolution was 
≈50 ps, as determined by the FWHM of the instrument response function. 
For the exciton diffusion scan, the emission from the sample was collected 
by the same objective and imaged onto a single-mode fiber (P1-405P-FC-2, 
Thorlabs) mounted onto a translation stage (attocube ECS series) that 
scanned the emission focal plane. The stage was moved in 5  µm steps 
corresponding to 50 nm at the sample. A 490 nm long-pass dichroic filter 
(Semrock) and two 496  nm long-pass edge filters (Semrock) were used 
to remove the excitation laser beam from the PL signal. The laser beam 
was imaged through the 490 nm long-pass dichroic filter (Semrock) and 
a 498 nm short-pass edge filter (Semrock) to remove the PL signal. The 
sample was mounted above the objective lens on a piezoelectric scanning 
stage. Samples were scanned during the course of the measurement over 
an area of 5 × 5 µm to avoid photodamage.
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