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ABSTRACT: There has been a strong interest in solution-
processed two-dimensional nanomaterials because of their
great potential in optoelectronics. Here, the absorption cross-
section and molar extinction coefficient of four and five
monolayer thick colloidal CdSe nanoplatelets (NPLs) having
various lateral sizes are reported. The absorption cross-section
of these NPLs and their corresponding molar extinction
coefficients are found to strongly depend on the lateral area.
An excellent agreement is observed between the experimental
results and the calculated values based on the small-particle
light absorption model. With these optical properties, NPLs
hold great promise for optoelectronic applications.

■ INTRODUCTION

Colloidal quasi-two-dimensional nanoplatelets (NPLs) have
been a subject of intense study in recent years.1,2 By controlling
the quantum confinement and composition, the electronic
structure and the optical properties of these colloidal quantum
wells can easily be tuned. They offer superior properties
compared to the nanocrystal quantum dots (QDs),3,4 including
thickness control at the monolayer level, extremely narrow
emission bandwidth (<11 nm) and giant nonlinear absorption
cross-section.1,5 In addition to the large exciton binding energy
as a consequence of the strong vertical confinement,6−9 NPLs
feature giant oscillator strengths resulting from increased
exciton center-of-mass extension.2,10,11 Their huge oscillator
strength enables significantly enhanced absorption cross-section
(σ) and substantially increased radiative decay rates.12 All these
significant properties make the NPLs highly promising colloidal
counterparts of epitaxial quantum wells, which can further be
exploited for optoelectronic devices including LEDs, lasers, and
solar cells.13−15

As an important measure of electromagnetic absorption by
nanostructures, determining the absorption cross-section is of a
primary interest for quantifying fundamental optical properties
of NPLs. For example, the knowledge of the absorption cross-
section allows for a quantitative measure of the NPL
fluorescence quantum yields (QYs). The absorption cross-
section also provides an easy way to estimate the number of
electron−hole pairs generated with each absorption event

inside an NPL. Low amplified spontaneous emission threshold
of the NPLs is also well explained by their large absorption
cross-section.16

Also, knowing molar extinction coefficient (ε) of the NPLs is
also of great importance for convenient and accurate measure-
ments of the NPL concentrations.17 With the well-known
molar extinction coefficients, different architectures of core/
shell (vertically grown shell) and core/crown (laterally grown
shell) NPLs can be synthesized with great control over their
thicknesses and lateral sizes.
Previous reports of individual NPL absorption cross sections

indicate that NPLs exhibit higher σ values compared to their
spherical counterparts with the same size.16,18 In the work by
She et al., σ of CdSe NPL was observed to increase after the
CdS shell growth, which was discussed as one of the indications
of lower amplified spontaneous emission threshold compared
to the core CdSe NPLs. Fluorescent lifetimes measured for
CdSe NPLs were provided by Tessier et al. and much shorter
values were reported compared to the ones measured for
spherical QDs.18−20 In addition, Naeem et al. studied the giant
oscillator strength of CdSe NPLs and concluded that decrease
in the radiative lifetime is associated with the exciton coherence
area, which is larger than that of spherical CdSe nanocrystals.21

Furthermore, radiative lifetimes on the order of picoseconds for
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NPLs were measured and/or predicted by several groups.2,10,21

In the previous literature, a complete and systematic study on
the absorption cross-section of CdSe NPLs has, however, not
been reported to date. There is thus a strong need for the
experimental determination of the absorption cross-section of
the NPLs of a specific vertical thickness as a function of their
lateral size. This is particularly essential as a series of reference
measurements for finding molar extinction coefficients.
In this work, we experimentally determined the absorption

cross sections and molar extinction coefficients of four and five
monolayer (ML) thick CdSe NPLs. For this purpose, two
independent experimental methods, inductively coupled plasma
optical emission spectroscopy (ICP-OES) and inductively
coupled plasma mass spectroscopy (ICP-MS), were used. For
both of the methods, the NPL samples were purified by
efficient purification procedures. Concentrations of the NPLs
were first determined via ICP-OES measurements. Then,
results of the first method were confirmed by the second
method, ICP-MS. In the ICP-MS measurements, concen-
trations were diluted to reach reliable ranges. Using these
concentrations, σ values were found with the help of absorption
spectroscopy technique. Results indicate that the absorption
cross sections of both the 4 and 5 ML thick NPLs are in direct
correlation with the lateral sizes. Furthermore, the experimental
σ values agree well with the calculated ones based on the Ricard
model.22 The corresponding ε values were also calculated using
the concentrations obtained from ICP-OES, and strong lateral
size dependence was observed for both NPL sets.

■ EXPERIMENTAL SECTION
Chemicals. Cadmium acetate dihydrate (Cd(OAc)2·2H2O)

(>98%), selenium (Se) (99.999% trace metals basis), technical
grade 1-octadecene (ODE), and technical grade oleic acid
(OA) (90%) were purchased from Sigma-Aldrich. Cadmium
(Cd) myristate was prepared at our laboratory. Hexane,
methanol, and acetone were purchased from Merck Millipore.
Preparation of Cadmium Myristate. Cadmium myristate

was prepared by following the procedure given in the
literature.23 Concisely, 1.23 g of cadmium nitrate tetrahydrate
was dissolved in 40 mL of methanol, and 3.13 g of sodium
myristate was dissolved in 250 mL of methanol. The mixture
was completely dissolved for complete dissolution and then
gently mixed. The solution was stirred strongly for 1 h.
Following that, the solution was centrifuged, and the
precipitation was dissolved in methanol. This washing step
with methanol was performed at least three times to remove
the excess precursors. At the end, the final precipitated part was
kept under vacuum for 24 h for complete drying.
Synthesis of 4 ML Thick CdSe NPLs. Four monolayers of

CdSe NPLs was synthesized according to the given recipe in
the literature.23 First, 170 mg of cadmium myristate, 12 mg of
Se, and 15 mL of ODE were loaded into a three-neck flask.
Then, the solution was degassed at room temperature for half
an hour to remove excess oxygen and volatile solvents.
Subsequently, the solution was heated to 240 °C for 4 ML
thick NPLs under argon atmosphere. When the temperature
reaches 195 °C, 80 mg of cadmium acetate dehydrate was
introduced swiftly into the reaction. After the growth of CdSe
NPLs at 240 °C for 10 min, 0.5 mL of OA was injected, and the
temperature of the solution was decreased to room temper-
ature. In order to obtain these CdSe NPLs in different lateral
sizes, the growth time was carefully changed. The resulting 4
ML thick CdSe NPLs synthesized with this recipe exhibit a

peak emission at 513 nm and other side products including
NPLs having different thicknesses can be removed by size-
selective precipitation. Finally, the CdSe NPLs were dissolved
and stored in hexane.

Synthesis of 5 ML Thick Core CdSe NPLs. Five
monolayers of CdSe NPLs was synthesized following a recipe
in the literature.23 Cadmium myristate (170 mg) and 14 mL of
ODE were loaded into a three-neck flask and degassed for 1 h
at room temperature. Then, the temperature was raised to 250
°C under argon flow, and a solution of 12 mg Se dissolved in 1
mL of ODE was quickly injected. Cadmium acetate dehydrate
(120 mg) was added 1 min later. The solution was kept at 250
°C for 10 min, and 0.5 mL of OA was injected before cooling
down to room temperature. The resulting CdSe NPLs were
precipitated with the addition of acetone and dispersed in
hexane.

Lateral Growth of 5 ML Thick CdSe NPLs. Five
monolayers of CdSe NPLs was dissolved in hexane, and 15
mL of ODE was loaded into a three-neck flask. The solution
was degassed at room temperature for 10 min, and the
temperature was raised up to 80 °C under vacuum. The
solution was kept at 80 °C about 1 h for the complete removal
of hexane. Then, the temperature was increased to 255 °C
under argon flow. At 255 °C, anisotropic growth mixture for
the lateral extension of CdSe NPLs was injected at a rate of 3
mL/h. The lateral size of the CdSe NPLs can be tuned by
adjusting the injection amount. After the injection, the
temperature was quickly cooled down to room temperature.
The resulting 5 ML of CdSe NPLs was precipitated with the
addition of acetone and dispersed in hexane.

Extraction and Precipitation Procedures. Unreacted Cd
precursors were removed by using methanol since the NPLs are
insoluble in this solution while the Cd precursors are highly
soluble. Excess amount of methanol was added into NPLs
dispersed in hexane to dissolve Cd precursors in methanol.
Then, the mixture was centrifuged and dissolved in hexane.
This process was repeated three times for the removal of excess
Cd precursors. The final product was redissolved in hexane for
the following measurements.

ICP-OES and ICP-MS Measurements. A solution of 2 mL
of purified 4 ML thick NPL sample and 3 mL of purified 5 ML
thick NPL sample was carefully dried by gentle heating in a
fume hood. Then the residual was dissolved in 20 mL of nitric
acid solution. The digested sample was directly transferred into
a volumetric flask for the ICP-OES measurement. For the ICP-
MS measurement, the samples were diluted by 100 times to
reach the ppb ranges necessary for the measurement. The
selenium and cadmium molar concentrations (CSe and CCd)
were determined using an Agilent 725 ICP-OES system and a
Thermo XSERIES II ICP-MS system. The dimensions of the
CdSe NPLs were measured from transmission electron
microscopy (TEM) images. The NPL concentrations (CNPL)
using the Se concentrations were calculated according to the
relation CNPL = CSe(Cd)Vunit/(4VNPL), where Vunit is the volume
of the CdSe unit cell and VNPL is the physical volume of CdSe
NPL. To obtain the concentrations of NPLs from the Cd
concentrations, we also included the extra Cd layer of the NPLs
into the calculations. Herein we assumed that the NPL has the
same density as its bulk material.

UV−Vis Measurements. The purified NPLs were dis-
persed in a suitable amount of desired solvent to obtain reliable
UV−vis absorbance spectra at room temperature (Cary 100
UV−vis spectrophotometer). The absorbance values were used
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to calculate the absorption cross sections and the correspond-
ing molar extinction coefficients at room temperature.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Nanoplatelets. The
4 and 5 ML thick CdSe NPLs used for the experiments were
synthesized through the recently reported approach of Tessier
et al. with a slight modification.23 Using this route, we achieved
to synthesize NPLs with varying lateral sizes. Figure 1a,b shows

the TEM images and the absorption and photoluminescence
(PL) spectra of 4 and 5 ML NPL samples. TEM measurements
of the NPLs revealed that they are approximately square- or
rectangular-shaped. We used these high quality TEM images to
determine the NPL areas, and the NPL shapes were
approximated to squares and rectangles, which is a standard
procedure in the literature to obtain the areas. The folded NPLs
were also carefully analyzed in terms of the shape and folding
angle to obtain the correct areas. To this end, more than 300

Figure 1. UV−vis absorbance spectra, PL spectra, and TEM images of the (a) 4 ML and (b) 5 ML thick CdSe NPLs having various lateral sizes.
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NPLs were measured to obtain each NPL area. The error bars
presented in the study include also the errors originated from
the folding of the large NPLs. In addition, the thicknesses are
∼1.22 nm for the 4 ML NPLs and ∼1.52 nm for the 5 ML
NPLs as seen from Figure 1a,b. Also, their QYs were measured
to be ∼30−50% using the standard QY measurement with
Rhodamine6G described elsewhere.24 This QY level is high
compared to colloidal only core CdSe QDs. The emission peak
positions and their full width at half-maximum (fwhm) are
almost independent of the platelet area for both the 4 and 5
ML thick NPLs as observed in Figure 2a,b. For the 4 ML NPLs,

the emission peak is obtained at ∼513 nm with a fwhm of ∼8
nm, and it is at ∼553 nm with a fwhm of ∼10 nm for the 5 ML
NPLs. Similarly, the first and second absorption peaks are also

independent of the NPL lateral area as given in Figure 2a,b.
The first absorption peak is at ∼513 nm for the 4 ML NPLs
and at ∼553 nm for the 5 ML NPLs. The second absorption
peak is at ∼482 for the 4 ML NPLs, while it is at ∼520 nm for
the 5 ML ones. These first and second absorption peaks
correspond to the heavy hole-electron (hh-e) and light hole-
electron (lh-e) transitions of the NPLs, respectively.2

In this work, it was critical to remove excess cadmium to the
best possible extent. Therefore, the samples were subjected to
the cleaning procedures described in the Extraction and
Precipitation Procedures section. Conveniently, the purification
was monitored by UV−vis absorbance. The absorption spectra
of the host medium, the as-synthesized sample, and the sample
after cleaning are shown in Figure S1 (see the Supporting
Information). Further discussion for the Cd/Se ratios is given
in the following section.

Absorption Cross-Section and Corresponding Molar
Extinction Coefficient of Nanoplatelets via Inductively
Coupled Plasma Optical Emission Spectroscopy. We
obtained the absorption cross sections of each NPL sample
based on the Se and Cd concentrations. First, the NPL
concentration was determined by dissolving the platelets in a
nitric-acid solution and by measuring the ion concentrations
using ICP-OES. Then, the NPL concentrations were calculated
by extracting the dimensions from TEM images and using the
relations given above in the ICP-OES and ICP-MS Measure-
ments section. The per-particle σ values for the 4 ML NPLs
having various areas were determined by using the formula, σ =
2303A/(CNPLNAL), where A is the absorbance, NA is the
Avogadro’s number, and L is the optical path length.16 The
results are presented as a function of the absorption energy in
Figure 3a using the Se concentration and Figure 3b using the
Cd concentration. As given in the figure, the absorption cross-
section was observed to increase with the platelet area over the
whole absorbance spectrum.

Figure 2. Peak positions of the PL fwhm, PL, hh-e transition, and lh-e
transition of (a) 4 ML NPLs and (b) 5 ML NPLs for varying lateral
sizes.

Figure 3. Absorption cross-section spectra of 4 ML CdSe NPL samples with varying lateral sizes obtained by using the (a) Se and (b) Cd
concentrations from ICP-OES measurements. Lateral size dependence of the absorption cross-section (c) at the energy of hh-e transition peak and
(d) at high photon energy 3.1 eV.
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The observation of lower absorption cross sections extracted
using the Cd concentrations compared to those from the Se
concentrations indicate a higher amount of Cd in the NPL
samples, which is also common for colloidal QDs. To
investigate this observation, the Cd-to-Se molar ratio (Cd/Se
ratio) of the purified samples was calculated by using the results
of ICP-OES measurements. The ratio was found to be 1.80 ±
0.07 for the 4 ML NPL sample and 1.72 ± 0.11 for the 5 ML
NPL sample. The ICP-MS analysis was also performed and
similar ratios were obtained as with the ICP-OES analysis (1.64
± 0.12 for the 4 ML NPL sample and 1.39 ± 0.10 for the 5 ML
NPL sample). For the further confirmation, energy dispersive
X-ray spectroscopy experiments before and after cleaning
procedures were conducted and, observing the similar results
with the ICP, there existed around 1.5 times improvement on
the Cd/Se ratios after cleaning. However, all these values are
still higher than the theoretical values as discussed in the study
by Li et al.25 The reasons for these higher ratio values are
mainly 2-fold: First, not only the basal planes but also the side
facets of the NPLs terminate with Cd2+ ions.25 Second, the Cd
precursor was in excess during the synthesis. Also, the cleaning
process with acetone/methanol may not completely remove the
excess Cd. As a result, measuring the Se content should provide
a more reliable approach in determining the absorption cross-
section, which will thus be used for the extraction of molar
extinction coefficient.
We also investigated the lateral size dependence of the

absorption cross-section for the hh-e absorption band by using
the results in Figure 3a,b. The absorption cross sections (both
using the Se and Cd concentrations) were observed to depend
on the platelet area as can be seen in Figure 3c. The single σ
value previously reported in the study of She et al. is
comparable to that of our 4 ML NPL with the similar size
obtained from the Se concentration.16 In addition, the
experimental σ values for high photon energy at 3.1 eV are
shown in Figure 3d. Here those obtained from the Cd

concentration were observed to be lower than those from the
Se concentration as expected. More importantly, the σ trend
indicates only a slight nonlinearity in the dependence of the
platelet area.
To understand these observations, we used a theoretical

model derived by Ricard et al.:22,26,27

σ ω ω ω ε ω= | |
n c

V f( ) ( ) ( )
s

NPL
2

2,NPL
(1)

where ns is the refractive index of the nanostructure’s
surrounding medium, c is the speed of light, and ε2,NPL(ω) is
the imaginary part of the dielectric constant at frequency ω,
which is obtained from the literature.27,28 The σ values resulting
from the model are also presented in Figure 3d. Here, the local-
field correction factor |f(ω)|2 is taken in the range between
(0.78)2 and (1.00)2, which are the corresponding values for the
colloidal CdSe nanowire in hexane and the epitaxial CdSe
quantum well.27,29 Using the Se concentrations of ICP-OES
measurements, the local-field correction factor for the 4 ML
NPLs from the best numerical fit to the experimental results
was found as ∼(0.86)2, which falls between the values for the
colloidal nanowire and the epitaxial quantum well. This
suggests that local-field correction factors of our NPLs are in
the correct range. Here, the refractive index of the surrounding
medium and the structure geometry are the key parameters in
the calculations of local field correction factors and to reach this
conclusion about the σ values. It is also worth noting that, for
the theoretical σ calculations, we chose the high energy value,
3.1 eV, since this model is only valid in the energy region where
the confinement effects are insignificant and the NPL
absorption is equivalent to that of the bulk case.
The absorption cross sections of the 5 ML NPLs were also

obtained over the absorbance spectrum similar to the 4 ML
NPLs. For these measurements, the same sample preparation
procedure was followed as in the ICP-OES measurements of
the 4 ML NPLs. The σ results for the 5 ML are shown as a

Figure 4. Absorption cross-section spectra of 5 ML CdSe NPL samples with varying lateral sizes obtained by using the (a) Se and (b) Cd
concentrations from ICP-OES measurements. Lateral size dependence of the absorption cross-section (c) at the energy of hh-e transition peak and
(d) at high photon energy 3.1 eV.
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function of the absorption energy in Figure 4a using the Se
concentration and Figure 4b using the Cd concentration.
Similar to the 4 ML NPL case, here the resulting absorption
cross sections were also observed to increase with the platelet
area over the whole absorbance spectrum. Again, the σ values
obtained from the Cd concentrations are smaller than those
from the Se concentrations due to the excess of Cd in the
samples.
For the 5 ML NPLs, the absorption cross sections for the hh-

e absorption band were also obtained by using the results in
Figure 4a,b, and it was observed that there is a strong lateral
size dependence of σ (Figure 4c). Tessier et al. reported a
similar level of absorption cross-section for a single NPL size,
which is comparable to the ones presented here.30 Herein, the σ
trend of the main transition band obtained using the Cd ion
concentration exhibits a different slope compared to that
obtained using the Se ion concentration. This is probably due
to the effect of the excess Cd in the sample, increasing with the
lateral area. Moreover, the experimental absorption cross
sections at high photon energy 3.1 eV are also presented in
Figure 4d, and the values obtained from the Cd concentrations
are again lower than those from the Se concentrations. For the
theoretical σ calculations, we again used the Ricard model. The
local-field correction factor for the 5 ML NPLs from the best
numerical fit to the experimental data using the Se
concentrations of ICP-OES measurements was found to be
∼(0.83)2, which is between the values of the colloidal nanowire
and the epitaxial quantum well. This is a very similar result as in
the case of the 4 ML NPL samples.
The size-dependent molar extinction coefficients at the band-

edge of CdSe QDs were previously reported, and these studies
demonstrated that molar extinction coefficient increases with
size of CdSe QD.17,31,32 Additionally, it was presented that the
molar absorption cross sections and corresponding extinction
coefficients of CdSe nanorods and CdSe nanowires increase
with size.33,34 In the light of these results, we extracted the
extinction coefficients of 4 and 5 ML CdSe NPLs from the
absorption cross sections obtained via the ICP-OES measure-
ments of the Se concentrations. The molar extinction
coefficients at the transition energy of the hh-e transition
peak are given in Figure 5a for the 4 ML NPLs and in Figure 5b
for the 5 ML NPLs. As can be seen from the figures, there is a
significant dependence of the extinction coefficient on the
lateral area. Using the numerical fitting analysis, we obtained
general relations between the molar extinction coefficient and
the NPL lateral area given in eq 2 for the 4 ML NPLs and eq 3
for the 5 ML NPLs.

ε = ± + ± LS
4ML CdSe NPLs:

6130012 2846504 1861 170( )1.72 (2)

ε = ± + ± LS
5ML CdSe NPLs:

10377045 3775479 1757 21( )1.60 (3)

where LS is the lateral size of the NPL and must be taken here
in nm2, which will give σ in the units of cm−1 M−1. These
empiric formulations will allow for finding concentration
(molarity) from the absorption measurement of the 4 and 5
ML NPL samples with known lateral size.
In addition, the molar extinction coefficient values at the

energy of hh-e transition peak and at the high energy value 3.1
eV are listed in Table S1 (see the Supporting Information).
These extinction coefficients are desirably substantially very
high, which makes NPLs promising for optoelectronic
applications.
To verify the results from the ICP-OES measurements, we

used another spectroscopy technique, ICP-MS. The absorption
cross sections for the 4 and 5 ML NPLs using the ICP-MS
technique are presented in the Supporting Information. The
results for the 4 ML NPLs are depicted in Figure S2a based on
the Se concentration and Figure S2b based on the Cd
concentration. The results for the 5 ML NPLs are also shown
in Figure S3a using the Se concentration and Figure S3b using
the Cd concentration. From both of the NPLs, it was observed
that the absorption cross-section increases with the platelet area
for the whole absorption range, and the σ behaviors extracted
using both the Se and Cd ICP-MS concentrations are
consistent with those from the ICP-OES measurements.
Furthermore, the trends in absorption cross-section at the
transition energy of hh-e peak are strongly correlated with
those observed in the ICP-OES measurements (Figures S2c
and S3c).
Furthermore, we obtained the absorption cross sections per

CdSe unit of the NPLs at the lowest energy absorption
transition and presented the normalized ratios between the
energy integrated absorption cross sections per CdSe unit in
the Supporting Information of our study (Figure S4). Results
for the CdSe NPLs show an approximately opposite behavior as
compared to those presented for the CdSe QDs.35 We believe
that these findings are also significant in terms of the
comparison between the absorption behavior of the CdSe
unit of QDs and NPLs.

Figure 5. Lateral size dependence of the extinction coefficients of (a) 4 ML CdSe NPLs and (b) 5 ML CdSe NPLs obtained by using the Se
concentrations from ICP-OES measurements.
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■ CONCLUSIONS
In summary, we have systematically demonstrated that the
absorption cross sections and the extinction coefficients of the 4
and 5 ML NPLs strongly depend on the lateral size. The per-
NPL absorption cross-section and molar extinction coefficient
at the hh-e energy band and the per-NPL absorption cross-
section in the high photon energy regime were observed to
increase substantially with the platelet area. We obtained
empiric formulas relating the molar extinction coefficients to
the lateral size for specific thickness (4 and 5 ML) of the NPLs,
which will be very useful for calculating molarity from
absorption data for the NPL samples of known lateral size.
We believe these findings presented in this study will help to
exploit NPLs for next-generation optoelectronic applications.
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