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Colloidal nanoplatelets are atomically flat quasi-two-dimensional colloidal particles of semiconductors
which have been a topic of intense study for their optical properties and potential applications. Like for
the previous generation quantum dots, the photostability of nanoplatelets remains a topic of concern
that must be understood to reliably use them in devices. We have found that the photoluminescence
intensity from CdSe nanoplatelets on continuous excitation displays a significant rise
(photobrightening) over time at temperatures above 215 K. Conversely, a darkening effect is found

laser

below 215 K and the extent of photodarkening is systematically enhanced with the increase in the
excitation power density. The darkening processes can be systematically reversed through sub-room
temperature thermal annealing, suggesting an activated recovery process with a gap of about 55 meV.
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The photobrightening and photodarkening are inferred to be occurring on account of the photodamage
and thermally assisted healing of oleic acid, the capping ligand commonly used for passivation and
DOI: 10.1039/d5cp01517k functionality. A significant enhancement of photobrightening is further observed around 250 K, in the

vicinity of the phase transition of oleic acid. This work thus highlights the fundamental role of the
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Introduction

Colloidal nanoplatelets (NPLs) are emerging two-dimensional
(2D) materials."™* Significant interest in these structures arises from
the fact that semiconductor NPLs not only possess properties of
colloidal semiconductor quantum dots, which have found wide-
spread application in electronics and optoelectronics,* ™ but also
show novel features absent in previous generation nanocrystals.*>*>
Hence, semiconductor NPLs are highly promising materials with
potential for the next generation light emitter devices,> ">
lasers,>"'® photodetectors, and photosensors.'”*® Additionally, their
large surface-to-volume ratio offers opportunities for surface mod-
ification and functionalization, enhancing their compatibility with
diverse biological and sensing applications." Despite the remark-
able properties, the photostability of nanocrystals under laser
excitation has been an issue of concern. It has been previously
reported for nanocrystals that photoexcitation of the CdSe directly
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ligand-surface interaction in controlling the photoluminescence efficiency of nanoplatelets.

influences the interaction between the ligand and the core,"
thereby affecting the PL quantum yield. Additionally, order-dis-
order phase transitions® and ligand-mediated phase transitions™
have also been reported for nanocrystals. The photoluminescence
(PL) characteristics of NPLs exhibit a significant reliance on the
ligand behavior, excitation parameters, and ambient surroundings.
For instance, when subjected to continuous excitation, both quan-
tum dots and NPLs display intermittent blinking patterns,
photobrightening,” and photodarkening phenomena.**™! Since
these features determine the device performance, they need to be
understood.

In this article, we report a low temperature photodarkening
T < 215 K and a converse photobrightening near room tempera-
ture T > 215 K in CdSe NPLs, when subjected to continuous laser
excitation. The photobrightening is attributed to thermally acti-
vated photodamage repair in oleic acid ligands and its drastic
enhancement around 250 K also correlates to the phase transi-
tions in oleic acid. Photodarkening, whose rate is dependent on
the laser excitation power, is attributed to ligand desorption from
the surface caused by continuous laser excitation and insufficient
passivation of defects by oleic acid. Furthermore, the ligand repair
becomes less effective at low temperatures due to its freezing.
Remarkably, the darkened state exhibits stability over 24 hours,
when the temperature is kept fixed at 80 K. Photodarkening is
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nevertheless observed to be fully reversible on annealing the
sample temperature to 250 K. This recovery is attributed to
changes in oleic acid passivation efficiency, and its relaxation
time follows an approximate power-law relationship with the laser
excitation power.

Methods

The CdSe NPLs were synthesized at high temperatures following
the colloidal synthesis protocol.>” The anisotropic growth of NPLs
is controlled by the addition of short chain ligand cadmium acetate
during the growth and oleic acid used as a capping ligand. The
morphology of the synthesized 4 monolayer (4 ML) thick CdSe
NPLs is investigated from the transmission electron microscopy
(TEM) images presented in Fig. 1(a). The synthesized NPLs are
rectangular in size with an average thickness of ~1.24 £+ 0.02 nm.
The room temperature optical properties of these NPLs were
investigated from steady state UV-visible absorption and photolu-
minescence (PL) spectroscopy. The absorption spectrum shows two
distinct bands at 2.43 eV and 2.58 eV, corresponding to heavy hole
and light hole excitonic transitions [Fig. 1(b)]. The split-off transi-
tion is observed at 2.9 eV. The synthesized 4 ML CdSe NPLs exhibit
emission at 2.42 eV with a very small Stokes shift of ~10 meV.

The PL measurement was done by exciting the sample with a
403 nm diode laser from coherent in an optical cryostat, where
sample temperature can be controlled from 77 to 320 K.
A thermo-electrically cooled electron-multiplying CCD detector
from Andor Technology (iXon Ultra 897 with 512 x 512 pixel
sensor) was used to record the PL signal.

Results and discussion

To study the temperature dependent emission properties of
4 ML CdSe NPLs, we excited the NPLs with the above
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mentioned continuous wave laser at a constant power density
of 605 mW cm ™2 at two different temperatures, 80 K and 250 K,
as shown in Fig. 2(a) and 2(b), respectively. The spectra were
captured at various time points during this steady state excita-
tion. In the insets of Fig. 2(a) and 2(b), the time dependent
change in the integrated PL intensity of the experimental data
is shown, with spectra collected at two-second intervals for a
period of several minutes. We observe that the PL intensity
increases with time at 250 K, while the reverse trend is observed
at 80 K.

Similar experiments were repeated at 80 K, 130 K, 160 K,
215 K, 250 K, 300 K, and 315 K with the same excitation power
density of 605 mW cm > [Fig. 2(c)]. At temperatures of 215 K and
above, we observe an increase in the integrated PL intensity over
time. This photobrightening persists up to our highest measure-
ment temperature of 315 K, although we observe a drastic
change in photobrightening at 250 K. In contrast, at low tem-
peratures, the PL intensity decreases significantly over time.

We attribute these changes to ligand-nanoplatelet surface
reconstruction and the degree of passivation, which control the
quantum yield. We note that recent studies from other groups
have also highlighted that ligand phase transitions and con-
tinuous laser excitation can trigger surface reconstruction. For
example, Balan et al.®® demonstrated that an order-disorder
transition in the ligand shell correlates with the photolumines-
cence changes associated with the ligand phase transition,
while Wuister et al.** showed that the capping layer not only
passivates the surface but also actively participates in tempera-
ture dependent surface reconstruction. Furthermore Harvey
et al.'® investigated the behaviour of CdSe nanocrystals when
exposed to laser excitation and observed changes in the bonding
between the ligand and the surface over time.

At low temperatures, oleic acid is in a solid phase, which
reduces its mobility and passivation efficiency. With continuous
laser exposure, the interaction between the ligand and the
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(a) TEM image of 4 ML CdSe NPLs. (b) Room temperature steady-state UV-Vis absorption and photoluminescence spectra of 4 ML CdSe NPLs.
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Fig. 2 Steady-state photoluminescence spectra of 4 ML CdSe NPLs at (a) 80 K and (b) 250 K temperature. The inset of (a) and (b) shows the integrated PL
intensity at different time intervals at 80 K and 250 K, respectively. (c) Integrated photoluminescence intensity of 4 ML NPLs at different temperatures
80 K, 130 K, 160 K, 215 K, 250 K, 300 K, and 315 K. PL intensity was normalized to the intensity at the onset of illumination. (d) The integrated PL intensity
vs. temperature. While an overall decrease in the PL intensity with increasing temperature was observed, it shows a behavior that correlates with the
phases of the pure oleic acid ligand. The different phases of pure oleic acid with temperature are also marked.

surface changes over time,'® impacting surface passivation. With
lower thermal energy, more defects become active, all of which
contribute to photodarkening. At high temperatures, on the
other hand, the available thermal energy can perhaps support
surface reconstruction and passivation. These processes may be
further aided by the photons and heat received from the laser
excitation. Finally, a ligand phase transition to a more mobile
phase would also enhance the surface healing.

The thermally activated reversal of the low temperature
photodarkening is further explored in Fig. 3(c) below. This is
attributed to local rearrangement of the ligand molecules on
the nanoplatelet surface and contributes to the overall decrease
in the extent of photodarkening. In fact, the temperature of
215 K seems to impart sufficient energy to the ligands such that
the low temperature photodarkening trend is reversed some-
where between 160 to 215 K. This change from photodarkening
to photobrightening seems unrelated to the phase transitions
in the ligand. Although oleic acid melts around 286 K, it exists
in different crystalline forms, such as the ‘alpha’ and ‘gamma’
phases, below the melting point. Pluska et al.’ have presented
differential scanning calorimetry (DSC) data for oleic acid and

This journal is © the Owner Societies 2025

observed changes in heat flow near the gamma phase around
250 K. The significant change in photobrightening observed
around 250 K is thus linked to this phase transition. Although
the bulk pure phase liquid transition temperature for oleic acid
is 286 K, the ligand around the NPs is in a nanoscopic volume
with a large surface to volume ratio. These may broaden the
phase boundary leading to liquid-like mobility at lower tempera-
tures. In Fig. 2(d), we have plotted the integrated PL intensity
with temperature between 225-310 K. Different phases of oleic
acid with temperature are also marked. In particular, a small
increase in PL intensity is observed near 250 K, influenced by the
oleic acid ligand phase transition.**** Overall, three factors,
namely, thermal activation-assisted local rearrangement of the
surface, laser excitation induced changes in the ligand-core
interaction, and ligand phase transition all contribute to NPL
surface reconstruction.

To further examine the role of oleic acid, we conducted
similar measurements on a quasi type II CdSe/CdS core/shell
nanoplatelet sample using the same oleic acid ligand."” The
sample preparation details for the quasi-type II CdSe/CdS core/
shell nanoplatelets are provided in the ESI.¥ Thermal hysteresis

Phys. Chem. Chem. Phys., 2025, 27,17031-17037 | 17033
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(a) Stability of the photo-darkened state at 80 K. The initial spectrum at the onset of laser exposure (black). The green spectrum after three hours

of exposure shows a significant decrease in PL intensity, consistent with Fig. 2(a). The laser was then switched off and the spectra were recorded every
hour for more than 24 hours while the temperature was held fixed at 80 K. The photo-darkened state is seen to be extremely stable. (b)—(d) Results of the
thermal annealing experiment. (b) The temperature cycling protocol, where starting with the base temperature of 80 K, the sample temperature was
raised to a value of T¢with T¢increasing in steps of 5 K. (c) The corresponding integrated PL intensity from the sample after several temperature cycles. %
indicates the initial intensity, before laser exposure. (d) The change in integrated PL intensity with the inverse of the annealing temperature shows
Arrhenius behavior. Here, the X-axis represents the inverse temperature, and the Y-axis shows the intensity change on a natural logarithmic scale.

in the PL intensity suggests a first order phase transition and
the formation of metastable phases. We also infer the signature
of phase transitions beginning at around 250 K via the observed
thermal hysteresis of both CdSe [Fig. 2(d) of manuscript] and
CdSe/CdS core-shell samples [Fig. S2(d), ESIT], confirming that
oleic acid plays a major role in the unexpected intensity change.
However, we only observed slight changes in PL intensity under
continuous laser excitation [Fig. S3 of the ESIt], as the defects
are primarily passivated by the CdS shell. The comparative
analysis of bare CdSe and quasi-type II CdSe/CdS core/shell
nanoplatelets further supports the hypothesis that this beha-
viour is surface-related.

Fig. 3 (a) emphasizes the stability of the darkened state at
80 K. The plot includes the initial spectrum (black) at the onset
of laser exposure and the spectrum after three hours of laser
exposure (green). We then switched off the continuous laser
exposure and took spectra every hour for a little more than
24 hours. The laser was switched on for 100 milliseconds every
hour when the spectrum was acquired. We find that this
photodarkened state is indeed very stable. Once the laser was
turned off after 3 hours of laser exposure, the PL efficiency
remained nearly unchanged even up to 24 hours. This clearly

17034 | Phys. Chem. Chem. Phys., 2025, 27,17031-17037

correlates low temperature surface damage to laser excitation.
We also performed an experiment where the laser was turned
off after 1.7 minutes of excitation, and the sample was kept in
darkness for 24 hours. In both cases, the sample remained in a
nearly identical state [Fig. S4 of the ESI{].

Fig. 3(b)-(d) summarizes the annealing induced rejuvena-
tion of a photodarkened sample towards its pristine-like state
that existed prior to the laser exposure. Starting with the
photodarkened sample at 80 K [Fig. 3(a)], the sample is made
to undergo multiple thermal cycles [Fig. 3(b)] where the tem-
perature is raised to a temperature Tr and then returned to 80 K,
with Tt raised by 5 K in each successive cycle. We turned off the
laser during thermal cycling and waited for approximately 5
minutes before taking the spectra. The corresponding change
in the integrated PL intensity is shown in Fig. 3(c), with the very
initial PL intensity, prior to any prolonged low temperature
laser exposure, also marked by an asterisk for reference. Note
that the PL intensity incrementally recovers to beyond the
initial value as the annealing temperature is raised beyond
250 K. The lower envelope in Fig. 3(c) is simply the loss of PL
efficiency at high temperature, consistent with Fig. 2(d). We can
further see in Fig. 3(c) that the annealing to intermediate

This journal is © the Owner Societies 2025
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temperature locks the sample into a partial recovery. In
Fig. 3(d), we observe that this recovery is well-fitted to AI(T)/
I, oc exp[—AG/(kpT)] with the activation gap AG = 55 meV. Here
AI{(T) = I{T) — I, is the enhancement over the darkened state
intensity after the /™ cycle with the annealing temperature T; =
85 K, 90 K,. .. and I, is the intensity corresponding to the first
spectra before any cycling. The figure thus suggests that the
recovery is an activated Arrhenius process with an activation
barrier of 55 meV.

This thermally activated recovery quantitatively illustrates
the relationship between temperature and the interaction
between the oleic acid ligand and the CdSe nanoplatelet (under
dark conditions). As the temperature increases, photoexcited
oleic acid molecules readsorb onto the nanoplatelet surface,
enhancing passivation. This suggests that approximately
55 meV of thermal activation barrier are required to be over-
come to completely reverse the effects of laser excitation.

In Fig. 4, we study the temporal evolution of photodarkening
under continuous exposure to laser excitation over a period of one
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hour, with the sample temperature fixed at 80 K. The sample was
then annealed to 300 K, brought back to 80 K, and the experiment
was repeated at a different laser power density. The results of the
time dependence of the integrated PL intensity are shown in
Fig. 4(a). We note that photodarkening becomes more pro-
nounced with increased laser power density. The (inverse) rate
of photodarkening can be quantified by the relaxation time 7, the
time when the PL intensity /(¢ = t) reached a value, I(t = 0) —
e '[{I(t = 0) — I(t = 1 hour)}]. t shows an approximate power law
P~ ** behaviour [Fig. 4(b)]. Furthermore, we find [Fig. 4(c)] that
the value of the difference in intensity, AI = [I(¢ = 0)—I(1 hour)]/I(¢t =
0) shows a strong laser power dependence for low powers but
saturates at power densities around 400 mW cm 2, In Fig. 4(d), we
see that the relaxation time and the extent of photodarkening are
inversely correlated until around the excitation power density of
400 mW cm > where the photodarkening saturates but the
relaxation time still decreases with laser power.

The observed photodarkening behaviour (power law depen-
dence on excitation power and relaxation times on the scale of
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Fig. 4 (a) The time dependence of the PL integrated intensity, measured at different excitation power densities at 80 K, here Py = 33.8 mW cm 2. The
plots are multiplied by constant factors, chosen to scale the initial intensity to roughly the same value. (b) The photodarkening relaxation time tau (z) as a
function of the excitation power density. 7 is defined as the time at which the integrated intensity reaches e %, the value of its asymptotic change. (c) The
relative change in the integrated intensity vs. power density, where Al = [I(t = 0) — /(t = 1 hour)l/I(t = 0). (d) T vs. Al shows a strong anti-correlation with A/

at low powers, but Al saturates at higher power.
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minutes) suggests that it results from laser excitation gradually
altering the interaction between the ligand and the nanoplate-
let over time. Additionally, the saturation of photodarkening
with increasing laser power (Fig. 4(a) and (c)) indicates that as
the power increases, oleic acid detaches more quickly from the
core, and after reaching a certain power, the detachment is
complete and thus the intensity saturates. The photodarkening
relaxation time t as a function of the excitation power density
shows a power law behaviour with an exponent of 0.45, which is
related to the power-dependent ligand desorption from the
surface. Note that this power dependence is quite different
from the Auger ionization process, which shows a quadratic
dependence on laser excitation power.>®

Conclusions

In this work, we have demonstrated that laser excitation of
CdSe nanoplatelets results in photodarkening at temperatures
below 215 K, while photobrightening occurs at temperatures of
215 K and above. This behaviour is attributed to modifications in
the surface-ligand interaction, which is influenced by the
changes in the oleic acid ligand used for capping. Surface
reconstruction is found to depend on temperature, the laser
intensity, the laser exposure duration, and the phase transitions
in the ligand. The photodarkened state at low temperatures
remains stable for at least 24 hours when the temperature is
held constant and the laser is turned off. However, this photo-
damage can be systematically reversed by annealing the sample
to 250 K. The recovery process is thermally activated, following
an Arrhenius-type behaviour, with an activation gap of 55 meV. A
further large magnitude photobrightening was observed upon
laser excitation around 250 K. This is correlated to enhanced
ligand mobility and improved healing during the phase transi-
tion to the liquid state. These findings are valuable for applica-
tions involving laser excitation, such as solar power systems and
light-emitting devices. The phase transition of different ligands
in nanoplatelets will be examined in future studies. We hope
that this work will serve as an initial exploration into the effects
of laser-induced surface reconstruction influenced by ligand
phase transitions and temperature in nanoplatelets.
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