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ABSTRACT: As a new type of quasi-two-dimensional nanomaterial, CdSe
nanoplatelets (NPLs) possess excellent properties such as narrow emission
peak, large absorption cross section, and a low threshold of amplified
spontaneous emission. However, the origin of emission especially at low
temperatures has not been studied clearly up till now. Here, we study the
temperature-dependent photoluminescence of CdSe NPLs which show two
emission peaks at low temperatures. It is interesting to note that the
intensity of the low-energy peak shows a correlation with laser irradiation
time. Moreover, the low-temperature PL spectra of four CdSe NPLs with
different lateral sizes demonstrate the relationship of low-energy peaks with
the surface. It has been confirmed that CdSe NPLs with larger surface areas
to volume ratio have stronger low-energy emissions, which is ascribed to
the surface-state-related emission. Finally, surface passivation of CdSe
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NPLs attenuates the intensity of the low-energy peak, which further verifies our model. Our results demonstrate the critical
significance of surface in CdSe NPLs for their optical properties, which is crucial for the application of optoelectronic devices.
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B INTRODUCTION

When the size of the semiconductor reduces to the nanoscale,
many unique physical properties are induced by the quantum
confinement effects, which is important for fundamental
physics investigation and new optoelectronic devices applica-
tion. At present, the preparation of such nanoscale semi-
conductor materials mainly includes epitaxial growth and
chemical solution method. Compared with the epitaxial
growth, the chemical colloidal method has the advantages of
low cost, good dispersibility, accurate size, and shape
adjustment. Since the synthesis of colloidal semiconductor
quantum dots (QDs) realized in 1993,' this nanometer-sized
material has received intensive attention in scientific research.
Due to high luminous efficiency and adjustable emission
wavelength, colloidal QD materials have been widely
investigated for light-emitting diodes,”™ biosensors,” and
lasers.”~” CdSe is one of the most well-known II-VI
semiconductor QDs. For quite a long time, changing the size
and composition of this spherical nanocrystal for improved
optical performance has been the main direction of research.
With further development of synthetic technology, one-
dimensional strip-shaped nanostructures and derived complex
structures, including CdSe nanorods and tetrapod-shaped
structures,'’”'> have gradually emerged. The shape change
of material induced some unique optical properties compared
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to zero-dimensional QDs. In recent years, a new type of quasi-
two-dimensional nanostructure has been synthesized which
attracted intensive attention.'”** These planar-shaped nano-
crystals are commonly referred to as nanoplatelets (NPLs).
The CdSe NPLs typically are only a few monolayers (MLs) in
thickness. And therefore, a very strong quantum confinement
effect exists in the vertical direction compared to the larger
lateral dimensions. Ascribed to the precise control of the
thickness, CdSe NPLs have a very narrow emission. Generally,
the emission width of CdSe NPLs is around 10 nm, which is
one-third of the traditional CdSe QDs.'®* In addition, CdSe
NPLs have been found to have a large absorption cross section,
a faster radiation recombination rate, and ultralow threshold of
amplified spontaneous emission.”>~>” These properties make
CdSe NPLs a promising optical material for light-emitting
diodes and lasers.”’**

However, up till now, the optical property of CdSe NPLs,
such as the emission mechanism, is still under debate, which
has hindered further development of device applications. In
recent years, it has been reported that CdSe NPLs have two
close emissions at cryogenic ternperature.‘%‘?'_37 Here, the two
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Figure 1. (a) Emission and absorption spectra of 4 MLs CdSe nanoplatelets. Inset: transmission electron microscopy image of CdSe NPLs. (b)
The bleach kinetic of electron-heavy hole exciton. The red line is the fitted curve. The inset shows the transient absorption (TA) spectra of 4 MLs

CdSe NPLs.
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Figure 2. (a) Temperature-dependent mapping of the PL spectrum with white and black dashed lines show the trend of the peak positions. (b, c)
The PL intensity of the high-energy peak and the low-energy peak as a function of temperature, respectively. (d) The temperature-dependent peak
energy of the two peaks and the fitted curve (black dash line). The inset shows the energy difference between the two peaks with changing
temperature. (e) The emission spectra with different irradiation times at 30 K. The inset shows the intensity of two peaks as a function of

irradiation time.

emission peaks are referred to as high-energy peak and low-
energy peak, respectively. Until now, the origin of these two
peaks is still not clear. In the previous investigations, most of
the results agree that the high-energy peak is free exciton
emission. However, there are many different explanations for
the origin of the low-energy peak. Early discussion proposes
that the low-energy peak originated from phonon line
emission, which has been enhanced due to the self-stacking
of CdSe NPLs.**** In later work, the two emissions were
assigned to s- and p-type ground and excited state emission.”
While in recent studies, the origin of the low-energy peak was
related to charged excitons or excimer-like state emission of
stacked CdSe NPLs.**” The emission mechanism of the low-
energy peak at low temperatures may affect the optical
properties of CdSe NPLs at room temperature, so it is critical
to have a clear understanding of the origin of the low-energy
peak.

In this article, based on systematic laser spectroscopy, it has
been observed that the low-energy emission from CdSe NPLs
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was closely related to the surface states (SS). It is found during
the experiment that the intensity of the low-energy peak will be
influenced by laser illumination at low temperatures. In
addition, by comparing NPLs with different lateral sizes, it is
found that the intensity of the low-energy peak shows a
correlation with the lateral area. Based on investigations, it is
concluded that the low-energy peak was a surface-state-related
emission, which is finally verified by surface passivation. Our
results reveal the effect of surface on the optical properties of
two-dimensional CdSe NPLs, which is important for further
optoelectronic device applications.

B RESULTS AND DISCUSSION

Figure la shows the absorption and photoluminescence (PL)
spectra of CdSe NPLs at room temperature. The absorption
spectra (black dash line) shows two clear excitonic absorption
peaks, which can be ascribed to the quasi-two-dimensional
structure of CdSe NPLs. The two absorption peaks correspond
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to the electron-light hole (480 nm) and the electron-heavy
hole (511 nm) transition, respectively.'® The PL spectra
(green solid line) show a very sharp emission peak and small
Stokes shift. Since the CdSe NPLs are only a few nanometers
in thickness, much smaller than the lateral sizes, NPLs have a
very strong thickness-dependent quantum confinement effect.
Based on the emission wavelength located at S14 nm, the
thickness of the CdSe NPLs discussed herein can be
determined to be 4 MLs."*'? The full width at half-maximum
is about 39 meV, which implies good uniformity of the CdSe
NPLs’ thickness. The inset of Figure la shows the transmission
electron microscopy image (TEM) of 4 MLs CdSe NPLs,
which have an approximately rectangular shape with uniform
size distribution. The length of this CdSe NPLs is about 25 nm
and the width is around 8 nm. The inset of Figure 1b shows
the femtosecond pump-probe transient absorption spectra of
CdSe NPLs. Two clear exciton bleach signals appear after the
pump light reaches the sample, which were generated due to
the electron state filling at the conduction band edge. The two
exciton bleach signals located at 480 and 511 nm can be
attributed to electron to light-hole and heavy-hole transition,
respectively, which is consistent with the absorption spectrum
discussed above. The bleach kinetic of electron-heavy hole
exciton is shown in Figure 1b. It can be found that there is a
very fast decay path followed by a slow decay path.
Considering the high power density of laser excitation during
the measurement, the rapid process is considered to be a
multiexciton collision and recombination process.”® The
slower process is the recombination of single excitons with a
fitted lifetime of about 2.5 ns. This lifetime is consistent with
the reported results and is much faster than the CdSe QDs."
All of the above results demonstrate that the prepared CdSe
NPLs have 4 MLs two-dimension plane structure and good
size uniformity.

To investigate the optical property of CdSe NPLs at low
temperatures, the temperature-dependent PL measurement
was conducted. Figure 2a shows the mapping of the
temperature-dependent PL spectrum with normalized inten-
sity, where the white and black dash lines indicate the tendency
of the peak positions with temperature. It can be clearly seen
that there are two emission peaks at low temperatures. At 40 K,
the low-energy peak dominates the entire emission spectrum.
However, with the increase of temperature, the intensity of the
low-energy peak gradually decreases, and finally, only the high-
energy peak remains at room temperature. Figure 2b,c shows
the normalized PL intensity of the high-energy peak (blue
circle) and the low-energy peak (red circle) as a function of
temperature. It can be seen that the intensity of the high-
energy peak shows a slight increase first and then gradually
decreases with increasing temperature, while the intensity of
the low-energy peak continues to decrease and disappears
substantially at 220 K. This reason of the phenomenon will be
discussed later. The PL peak position of the high-energy peak
(blue dot) and the low-energy peak (red dot) of the CdSe
NPLs as a function of temperature is shown in Figure 2d. The
high-energy peak blue-shifted about 94 meV when the
temperature decreased from room temperature to 40 K. The
low-energy peak appears at 220 K and has the same trend as
the high-energy peak. The energy difference between the two
peak positions at different temperatures is a constant value (29
meV), as shown in the inset of Figure 2d. The energy shift of
the high-energy peak can be well-fitted with the following
expression proposed by O’Donnell and Chen*

28E,
exp(Eo/ksT) — 1 (1

where E,(0) is the band gap of the material at 0 K, S is the
Huang-Rhys factor, E; is the average phonon energy, and kg
is the Boltzmann constant. It can be extracted from the fitting
result that E; 5 = 24.7 meV and S = 3.08. These values are in
good agreement with the result in the papers for CdSe bulk
materials and QDs.""~** Therefore, the high-energy peak can
be confirmed to be the free exciton emission.

Next, temperature-dependent free exciton emission will be
discussed. It is common for a semiconductor that the PL
intensity will gradually decrease with increasing temperature,
due to the thermal escape of carriers or the thermal activation
of nonradiative recombination centers. However, the free
exciton emission of CdSe NPLs shows a slight increase when
the temperature increases from 40 to 120 K. The increase in
the PL intensity implies that more carriers recombine
radiatively near the band edge. In the absence of external
carriers, this observation can only be related to the release of
carriers in the localized state (LS) due to the increased
temperature. Here, a modified Arrhenius equation is used to fit
the temperature-dependent PL intensity of free exciton
emission

E(T) = E,(0) —

1 + A exp(—E,/kgT)
1 + Bexp(—E,/kgT) ()

I(T) =1,

where E, is the bonding energy of localized state, E, is the
activation energy, and A and B are constants. The value of E,
and E, obtained from the fitting were 10.5 and 75 meV,
respectively. CdSe NPLs have greater activation energy than
other CdSe materials,"* which is consistent with their larger
exciton binding energy.

It is interesting to note that the intensity of the near-band-
edge emission can be greatly influenced by laser irradiation, as
shown in Figure 2e. The temperature of the sample is kept at
30 K. With the increase of the laser irradiation time, the
intensity of the free exciton emission gradually decreases, while
the intensity of the low-energy peak increases. After 15 min,
the intensity of the two peaks tends to be stable. It should be
noticed that the position of these two peaks maintains the
same, which implies that the change of intensity is not related
to the thermal effect induced by the laser excitation. In
addition, after the laser was turned off for 10 min, the intensity
of the two peaks did not recover but remained substantially
unchanged, as shown in the inset of Figure 2e. Therefore, laser
irradiation brings an irreversible effect to the emission of CdSe
NPLs. Early literature suggested that the low-energy peak is a
phonon line recombination.”** However, laser irradiation
should not influence the intensity of the phonon line. More
importantly, the energy difference between the two emissions
from our samples (29 meV) is also not the same as the
longitudinal optical phonon energy of CdSe materials (25
meV). Therefore, this interpretation can be ruled out.
Similarly, the recently proposed excimer-like state emission
of stacked CdSe NPLs cannot explain this phenomenon.
Considering that the CdSe NPLs have a large surface area, we
thought that the low-energy peak may originate from surface-
related states. Laser irradiation induces an increase of surface
states which saturate after a period of time, thus causing an
increase in the intensity of the low-energy peak.

To further verify our hypothesis, CdSe NPLs with different
lateral sizes were prepared and discussed. The lateral area of
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the four samples is 20 (S1), 135 (S2), 155 (S3), and 200 nm*
(S4), respectively. The TEM images of these four samples are
shown in Figure S1. Four CdSe NPLs samples were confirmed
to have the same 4 MLs in thickness by absorption and
emission at room temperature. To determine the influence of
the lateral size on the low-energy peak, the PL measurement of
the four samples were conducted at 30 K, as shown in Figure
3a. All other experimental conditions were kept identically, and
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Figure 3. (a) Emission of CdSe NPLs with different lateral sizes at 30
K normalized by the intensity of the high-energy peak. (b) The ratio
of the low-energy peak PL intensity (I,,) to the free exciton emission
intensity (Ipl) plotted against the lateral size. The green dash line was
guided by the eye. (c) Schematic diagram of CdSe NPLs emission at
low temperatures. (d) The schematic energy level of CdSe NPLs.

the PL intensities are normalized at the free exciton emission
for comparison. It can be clearly observed that the intensity of

the low-energy peak gradually increases with decreasing lateral
size. The ratio of the low-energy peak PL intensity (I,;) to the
free exciton emission intensity (I,,) will reflect the proportion
of the surface state in the sample. Figure 3b shows the ratio of
I, to I as a function of the lateral size, where the green dash
line is guided by eye. The result indicates that the low-energy
emission from CdSe NPLs is closely related with their lateral
size. Thus, the low-energy emission can be assigned to surface-
state-related emission. Similar size-dependent surface-state-
related emission has been reported in QDs.** In QD materials,
the reduction in size influences the proportion of the surface-
state-related emission, and the emission peak position has
shifted due to the quantum confinement effect. However, for
NPLs, the change in the lateral size only affects the surface area
without changing the quantum confinement in the vertical
direction. Therefore, the shift of the peak position is not
observed herein, while only the proportion of the surface-state-
related emission changes. It should be noted here that the
defect states discussed in ref 44 is deep-level defects, which
have a much lower energy than the band gap with a broad
width. However, the defect states in the CdSe NPLs are
considered to be shallow levels because the energy difference
between the two peaks is only about 29 meV. It is also needed
to mention that CdSe NPLs have a much narrow emission
peak due to the precise thickness, which leads to a narrow
distribution of the defect state, and therefore a narrow defect
emission has been observed.

Figure 3¢ schematically shows the emission mechanism of 4
MLs CdSe NPLs emission at a low temperature. There are
surface states near the surface of the NPLs, which come from
the dangling bonds or the incomplete ligand coordination
generated during the synthesis of the material.**® With the
decrease of the lateral size of the CdSe NPLs, the surface area
to volume ratio will increase. Thus, the proportion of atoms on
the surface will gradually increase, which leads to an increase of
surface states. The energy-level diagram is shown in Figure 3d.
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Figure 4. (a) Emission of CdSe NPLs at 40 K. (b) Emission of PDMS-covered CdSe NPLs at 40 K. (c) Emission of ethanol-treated CdSe NPLs at
40 K. (d) Emission of CdSe NPLs at 40 K, which was first treated with ethanol and then covered by PDMS.
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The surface states (SS) locate near the conduction band with
energy difference AE around 29 meV, which is determined
based on the energy difference between the surface-state-
related emission and the free exciton emission at a low
temperature. In addition, through fitting the temperature-
dependent PL intensity, it was considered that there is a
localized state (LS) with a localization depth of 10.5 meV as
mentioned above. When the CdSe NPLs are excited by a laser
at a low temperature, a part of the electrons are trapped by the
LS and do not contribute to the emission. In addition, there
are two radiative recombination pathways for the excited
electrons, including free exciton emission and surface-state-
related emission. The intensity of the surface-state-related
emission dominating at a low temperature indicates that the
surface-states-related energy level has a larger density of state.
When the temperature increased, the trapped -carriers
thermally released from the LS induced an increase in the
PL intensity. Meanwhile, the thermal energy of the electron
trapped in surface state energy levels will increase and
eventually escape, and the population of thermally activated
nonradiative recombination centers will increase, resulting in a
rapid quench of the surface-related emission.

To further confirm that the low-energy peak emission is
originated from the surface states, surface treatment on the
CdSe NPLs was performed. It is known that surface
passivation of organic polymers on semiconductor nanoma-
terials can effectively reduce the number of surface defect
states.””** Here, poly(dimethylsiloxane) (PDMS) was selected
to modify the surface of the samples because it is a common
inert, nontoxic, organic polymer material with good optical
transparency. The sample was prepared through drop-casting
of the CdSe NPLs solution on the quartz plate. Most of the
CdSe NPLs will eventually lie flat on the substrate due to the
planar shape, as schematically shown in the inset of Figure 4a.
Then the surface of the sample was covered with PDMS and
heated for curing, as shown in the inset of Figure 4b. The low-
temperature PL measurement of the untreated and the PDMS-
treated sample was conducted at 40 K and the emissions are
shown in Figure 4a,b, respectively. It can be found that the
intensity of the surface-related emission peak is greatly
suppressed after the PDMS treatment. This result verifies the
relationship between the low-energy peak and the surface state
of CdSe NPLs.

Due to the special quasi-two-dimensional structure of the
NPLs, only some of them will self-stack when forming a solid
film. It is reported that adding alcohol to the CdSe NPLs
solution can accelerate the stacking during film formation,
which has been demonstrated in many papers.*®*"°
Considering that the gap between the CdSe NPLs is very
narrow after forming the stacked structure, PDMS cannot
enter the small gap and effectively passivates the surface.
Therefore, it can be expected that the relevant PDMS
treatment on low-energy peaks should be weak. Here, a similar
experiment as carried out above was performed by using the
alcohol-treated CdSe NPLs solution, and the PL spectra
measured at 40 K are shown in Figure 4c,d. Comparing Figure
4a.c, it can be found that the stacking of CdSe NPLs did not
have much effect on the PL spectra. The stacking of the CdSe
NPLs did not result in a change in the intensity ratio of the
surface-states-related emission to the free exciton emission.
However, when comparing Figure 4b,d, it was found that the
effect of surface passivation on the stacked CdSe NPLs was
attenuated as suspected. PDMS that cannot enter the gap
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between stacked CdSe NPLs still has some passivation effect
on the peripheral surface. This result further confirms that the
low-energy peak is originated from the surface-state-related
emission.

B CONCLUSIONS

Temperature-dependent PL measurements were carried out to
study the origin of two emission peaks of CdSe NPLs at a low
temperature. The high-energy peak was proven to be free
exciton emission through discussion of the peak position with
temperature. Continuous laser irradiation increases the
number of surface states of the sample, resulting in a decrease
of the free exciton emission and an increase of the surface-
state-related emission. The low-temperature PL measurements
of four CdSe NPLs samples with different lateral sizes
demonstrate the correlation between the low-energy peak
and surface area to volume ratio. The surface passivation
experiment with PDMS further proves that the low-energy
peak originates from the surface state of CdSe NPLs.

B EXPERIMENTAL SECTION

For the synthesis of 4 ML CdSe NPLs, cadmium myristate (340 mg),
a certain amount of Se, and ODE (30 mL) were added in a three-neck
flask. The solution was degassed under vacuum at 95 °C around 1 h.
Then, the temperature of the solution was set to 240 °C under argon
flow. When the temperature reached 195 °C, a certain amount of
cadmium acetate dihydrate powder was added. After 10 min growth at
240 °C, 1 mL of OA was injected and the solution was moderately
cooled to room temperature. Below 120 °C, 5 mL of hexane was
injected for a better dissolution of NPLs. The quantum yield of the
CdSe NPLs in this investigation is about 30—40%.

The CdSe NPLs solution was drop-casted on the surface of a
quartz plate to form a solid film, which will be used for the optical
measurements. The PDMS (Sylgard 184 Silicon, Dow Corning) was
prepared by mixing liquid silicon matrix and curing agent (mass ratio
10:1). Then, the colloidal PDMS was dropped over the film to cover
the CdSe NPLs. Finally, PDMS was heated for 30 min at 60 °C for
curing. The low cure temperature ensures that the CdSe NPLs will
not be damaged during the heating process.

The absorption spectra were tested by the Lambda 950 UV—vis
spectrophotometer (PerkinElmer). Transient absorption was meas-
ured by the ExciPro femtosecond transient absorption pump-probe
spectrometer (CDP Systems Corp.). The 325 nm excitation laser was
transformed through Astrella ultrafast Ti:sapphire amplifier (Coher-
ent, 800 nm, 1 KHz, 100 fs) by an ultrafast optical parametric
amplifier (Coherent OperA Solo). For the PL measurement, all of the
samples were excited with a 325 nm He-Cd laser (KIMMON
IKS7511-G), and the signal was detected by a Newton CCD
(DU920P-BU) integrated with Shamrock spectrometer (SR-750-
D1-R). For the low-temperature measurements, the sample was
placed on the cold finger of a helium cryostat (CRYO Cool-G2B-LT).
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