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ABSTRACT: We study in details the synthesis of CdTe nanoplatelets. Three populations of
nanoplatelets with a thickness defined with atomic precision are obtained. We show that CdTe
nanoplatelets can be extended laterally to obtain nanosheets with lateral dimensions in the micron range.
We present the study of the reaction conditions for the formation of CdTe nanoplatelets and for their
lateral extensions. The reaction products are analyzed with optical spectroscopy, transmission electron
microscopy and small angle X-ray scattering. We investigate the electro-optical properties of films
formed with CdTe nanoplatelets, and we show that their current photo-response is better than the one of

comparable films formed with CdTe spherical nanocrystals.
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Since the seminal work of Henglein' and Ekimov? and the first organometallic synthesis of highly
monodisperse semiconductor nanocrystals (NCs)?, the synthesis of colloidal nanocrystals has constantly
improved. These improvements include the realization of core/shell* structures, the extension to various
materials’, as well as a better understanding of the NCs formation mechanisms®. The control of the
morphology’ of the nanocrystals is more recent. First synthesized with spherical shapes, the NCs were
later synthesized as nanorods®, nanowires’ and nanoparticles with two-dimensional morphologies such
as nanoribbons'®, or nanoplatelets'!.

The interest for objects with 2D geometry is motivated by their exceptional electrical,'? optical'® and
mechanical'® properties. Among these materials, colloidal II-VI semiconductors, such as CdSe
nanoplatelets (NPLs), hold a special place because they are the first colloidal NPLs that have been
synthesized with a control of their thickness with atomic precision!!. This results in optical and
electrical properties very close to the ones observed in epitaxially grown quantum wells.!?

CdSe 2D nanocrystals have been synthesized in two different crystal structures. In the wurtzite crystal
phase, nanorribbons,!” nanosheets!®, and quantum belts!® have been obtained. Although they have
different names, these objects are very similar in composition, optical properties and crystalline
structure as well as in their formation mechanism that is based on soft molding of small CdSe clusters'>
17 CdSe 2D nanocrystals have also been synthesized in a zinc-blende crystal structure, and have been
coined nanoplatelets'!, or quantum disks'®. Their cubic crystal structure results in NPLs with important
differences compared to their wurtzite counterpart. First, their large 2D facets are composed of cationic
planes, that facilitate the synthesis of core/shell NPLs, as recently reported'®. Second, their formation
mechanism proceeds through lateral extension of small seeds by continuous precursor reaction®’. As a
result, NPLs with various lateral sizes from small (10 nm) and free floating in solution to large (700 nm)
lateral size can be synthesized?!. This pioneer work on CdSe colloidal 2D system has later been
extended in detail to CdS'> 22 but only briefly to CdTe!* 15,

However, CdTe, with its low band gap (E; = 1.44 eV)®, is a very interesting material for

photovoltaic** and photodetection®® applications. As a result, many methods to synthesize CdTe



colloidal nanocrystals have been reported over the past years?®. These include organometallic’’ and
aqueous routes?® for the synthesis of spherical NCs on a wide range of size, CdTe nanorods?’,
nanowires*’ and nanotubes?!. On the other hand there is only few reports on the colloidal synthesis of
2D CdTe semiconductors. The self-assembly of CdTe nanoparticles with tetrahedral shape in free-
floating sheets’> has been reported, and the synthesis of wurtzite CdTe nanoribbons has been
mentioned'>. The synthesis of zinc-blende CdTe NPLs and the modeling of their electronic transitions
has been reported!?, but the synthesis protocols have not been optimized so that mixtures of several
NPLs populations with limited lateral dimensions were obtained. In addition, the reaction mixtures
contained several by-products such as large CdTe aggregates.

In this paper we report a detailed study of the synthesis of colloidal CdTe NPLs. We describe the
synthesis of three families of NPLs with different thicknesses that will be referred to by the wavelength
value of their first excitonic peak: 428 NPLs, 500 NPLs and 556 NPLs. Care has been devoted to the
control of the size, the shape as well as the purity (i.e. only one population per batch) of the CdTe NPLs.
The influence of various parameters such as the nature of the cadmium precursor, of the ligands and the
injection rate were investigated. The effect of the injection temperature of the tellurium precursor was
also studied. Small Angle X-ray Scattering (SAXS) experiments elucidate the organization of NPLs in
solution and confirm the difference of one monolayer between two successive families of NPLs. We
propose a mechanism for the formation of CdTe NPLs on the basis of kinetic studies. Finally we discuss
the electro-optical properties of these CdTe NPLs with in mind the use of these nanoplatelets for

optoelectronic devices.

e EXPERIMENTAL SECTION
Chemicals: Cadmium acetate dihydrate Cd(OAc)2-2(H20) (Sigma-Aldrich, 98%), oleic acid (OA,
Sigma-Aldrich, 90%), 1-octadecene (ODE, Sigma-Aldrich, 90%), trioctylphosphine (TOP, Cytec, 90%),

tellurium (Sigma-Aldrich, 99,997%), propionic acid (Sigma-Aldrich, 99%), CdO (Sigma-Aldrich, 99%),



cadmium formate (Sigma-Aldrich, 99,9%), n-hexane (VWR, 95%) and ethanol (Carlo Erba, 99.8%) are
purchased for the synthesis of the nanoplatelets and used without any further purification.

Materials characterization: Optical absorption and photoluminescence spectroscopy are performed
using respectively an UV visible spectrometer (Varian Cary SE) and photoluminescence spectrometer
(Jobin-Yvon Horiba, Fluoromax-3). Transmission electron microscopy (TEM) imaging is done using a
JEOL 2010 with a FEG, while X-ray diffractograms are obtained from a Philips X’ Pert system with a
Cu-K, source. SAXS measurements were carried out at the SWING beamline of the SOLEIL
synchrotron (Saint-Aubin, France). Experiments were performed using a fixed energy of 12 keV and
three sample to detector positions (0.85, 1.07, 6.56 m). The typical accessible range of scattering vector
modulus q was 0.01 — 1 A (qg=4n sin /A, where 20 is the scattering angle and A= 0.033 A the
wavelength). Scattering patterns were recorded on an AVIEX 170170 CCD camera formed by four
detectors and radially averaged. SAXS experiments were performed on precipitate of NPLs transferred
in a glass capillary. After the synthesis, the nanoparticles are dispersed in hexane. Due to their large
lateral extension, van der Waals forces tend to provoke the flocculation of the platelets in solution. This
yields, after a few hours at rest, a concentrated “wet” precipitate used for the measurement.

Precursors synthesis: The cadmium propionate (Cd(prop)z) is made using the followings steps:
1.036g of CdO (8.07 mmol) and 10 mL of propionic acid are charged into a flask. The mixture is heated
at 70 °C for 1h under argon. When the entire solid is dissolved and a colorless solution is obtained, the
heating is stopped and acetone is added to precipitate the product as a white solid. Then it is filtered off,
washed with acetone and dried under vacuum overnight.

Nanoplatelets synthesis:

Synthesis of CdTe 428 NPLs: A three-necks flask is charged with 130 mg of Cd(prop)2 (0.5 mmol), 80
pL of OA (0.25 mmol) and 10 mL of ODE and the mixture is magnetically stirred and degassed under
vacuum at 95 °C for 2 h. The mixture under argon is heated at 180 °C and 100 pL of a solution of 1M
TOP-Te diluted in 0.5 mL of ODE are swiftly added. The color of the solution changes rapidly and

becomes yellow. Aliquots are taken at different stages of the reaction to follow it spectroscopically. The



reaction is performed for 20 min at the same temperature. 1 mL of OA is added to the solution and the
heating mantle is quickly removed. At room temperature, 30 mL of hexane and 40 mL ethanol are
added to the crude reaction mixture. Nanoplatelets are then precipitated through centrifugation for 10
min at 5000 rpm. The supernatant is discarded and the solid precipitate is redispersed in hexane. The
precipitation process is repeated two or three times.

When 428 NPLs are prepared using Cd(OAc)2, TOP-Te 1M is injected between 120 °C and 140 °C.

Synthesis of CdTe 500 NPLs: A three-neck flask is charged with 130 mg of Cd(prop). (0.6 mmol), 80
pL of OA (0.25 mmol) and 10 mL of ODE and the mixture is magnetically stirred and degassed under
vacuum at 95 °C for 2 h. The mixture under argon is heated at 210 °C and 100 pL of a solution of 1 M
TOP-Te diluted in 0.5 mL of ODE are swiftly added. The color of the solution changes rapidly to
become yellow and then yellow-orange. The reaction is heated for 30 min at the same temperature.
Then, 1 mL of OA is added to the solution and the heating mantle is quickly removed. At room
temperature, 30 mL of hexane and 40 mL of ethanol are then added to precipitate the NPLs. The
solution is then centrifuged for 10 min at 5000 rpm. The supernatant is discarded and the solid
precipitate is re-dispersed in hexane. The precipitation process with the ethanol is repeated two or three

times. The yield of the reaction is typically 17+3 OD.L per gram of Te (Te is the limiting precursor) measured

at the exciton peak.

When Cd(OAc), was used as cadmium precursor, TOP-Te is injected between 170-190 °C.

Synthesis of CdTe 500 NPLs with continuous injection: A mixture of 160 mg Cd(OAc)2-2(H20) (0.6
mmol) and 95 pL. OA (0.3 mmol) in 25 mL of ODE is charged into a three-neck flask and stirred under
vacuum for 1 h at 95 °C. The flask is filled with Ar and the temperature risen to 200 °C. Then, 0.1 mmol
of stoichiometric TOP-Te (2,24 M) diluted in 5 mL ODE is injected with a syringe pump at a constant

rate over 30 min. When the addition is completed the reaction is heated at 200 °C for 15 min. 30 mL of



hexane and 30 mL of ethanol are added to the crude product and the NPLs are precipitated by
centrifugation at 3500 rpm and then re-dissolved in hexane or toluene.

Synthesis of CdTe 556 NPLs: In a typical reaction 133 mg of Cd(OAc)> (0.5 mmol), 255 uL of OA
(0.8 mmol) and 25 mL of ODE are charged into a three-neck flask and the mixture is stirred and
degassed under vacuum at 95 °C for 2 h. The flask is filled with Argon and the temperature risen to 215
°C. Then, 0.05 mmol of stoichiometric TOP-Te (2,24 M) diluted in 2.5 mL ODE are injected with a
syringe pump at a constant rate over 15 min. When the addition is completed the reaction is heated for
15 min.

Films preparation: To estimate the absorption coefficient of a film of NPLs, three films of different
thicknesses are prepared on a glass substrate. The NPLs initially stored in hexane are precipitated by
addition of ethanol. The mixture is centrifuged and the precipitate is re-dispersed in a mixture of hexane
and octane (9:1 as volume ratio). Glass microscope slides are cleaned by sonication: 15 min in acetone,
15 min in ethanol and finally 15 min in 1M HCI aqueous solution. Once dried under air flow the slide is
dipped into a tetracthyl orthosilicate (TEOS) solution (10% in volume in ethanol) and finally heated
using the heat gun. The solution of NPLs is drop-casted onto this slide. Their absorption and their
thickness are measured using a profilometer (Fogale nanotech - Nanosurf 3D optical profilometer).
Transport measurements: For transport measurements, a solution of CdTe 500 NPLs in hexane:octane
is drop-casted onto inter-digitated electrodes. The latter are gold electrodes on glass substrate and
composed of 25 pairs which are 2.5 mm long and spaced of 10 um. Once the film gets dried it is dipped
into a solution of propylamine diluted in ethanol (1% in volume) before being rinsed in pure ethanol®,
The deposition processed is repeated three times to obtain a thickness of a few hundreds nm. |-V
measurements are obtained using a Keithley 2400 electrometer. The I-V under illumination is performed
using a blackbody illuminating the sample at 3000K. The frequency response of the system under
illumination is obtained by biasing the system by a Keithley 2400 as bias source then the signal is

magnified with a 108 gain using a current amplifier (Keithley 427). The illumination is done through a



405 nm laser source modulated by a signal generator (agilent 33120). The signal is then acquired on the

oscilloscope (HP 54600).

e RESULTS AND DISCUSSION:

Synthesis of CdTe NPLs with 3 different thicknesses:

1a 428 NPLs

Absorbance / PL intensity (a.u.)

556 NPLs

400 450 500 550 600 650
Wavelength (nm)

Figure 1: CdTe NPLs with three different thicknesses. Left, absorption (black) and photoluminescence (orange) spectra of
NPLs with different thicknesses. Right, TEM images of the corresponding samples. (a) NPLs with the first excitonic peak at

428 nm, (b) NPLs with the first excitonic peak at 500 nm, (c) NPLs with the first excitonic peak at 556 nm.

We have developed optimized protocols, detailed in the experimental section, for the synthesis of
CdTe NPLs (Fig. 1) with their first excitonic peak respectively at 428 nm, 500 nm, and 556 nm. These
NPLs populations correspond to three different NPL thicknesses. The protocols we used are based on
the injection of TOP-Te at high temperature into a solution composed of a cadmium precursor, oleic

acid, and octadecene. These three NPLs populations were characterized in absorption, with transmission



electron microscopy (TEM), with powder X ray diffraction (XRD) and with small angle X-Ray
scattering (SAXS).

For each population of NPLs we can recognize on the absorption spectrum a sharp peak that
corresponds to the first excitonic transition electron/heavy hole, followed by a broader one for the
electron/light hole transition. These two transitions lie at 428 nm and 386 nm for the 428 NPLs (Fig.
la), at 500 nm and 448 nm for the 500 NPLs (Fig. 1b) and at 556 nm and 501 nm for the 556 NPLs
(Fig. 1¢). The photoluminescence emission spectra for the first two thinnest NPL populations show a
single emission peak with a narrow full width at half maximum (FWHM) < 7 nm and no detectable
Stokes shift. The PL quantum yield remains low (typically in the 0.1 to 1% range). In the case of the
556 NPLs in Fig. lc, other NPLs populations can be detected in the emission spectrum, but not in the
absorption spectrum, and a broad signal present at low energy is characteristic of deep-trap emission.
The X-ray powder diffraction (XRD) of the three populations of CdTe NPLs confirmed a cubic zinc
blende structure (Fig. S1c in Supporting Information). A TEM image of a single 556 NPL is shown on
the Fig. Sla (See Supporting Information). The platelet lies on the top face and the contrast on the
surface is homogeneous. The pattern in the Fast Fourier Transform (FFT) picture can be interpreted as
{220} reflections (Fig. S1b in Supporting Information). The thickness direction is then parallel to the
[001] axis, while the edges of NPLs are found to be perpendicular to [100] or [010] axis. Extension of
NPLs during the growth stage occurs along these axes.

We also conducted some SAXS experiments on aggregated CdTe NPLs. This technique is well suited to
unravel the large-scale organization of nanocrystals in solution** and it is complementary with TEM
since the scattered intensity is averaged over numerous nanoparticles. In Fig. 2a, we reported three
characteristic scattering patterns in logarithmic scale obtained for each family of CdTe nanoplatelets
aggregated as detailed in the experimental part. Each curve presents three Bragg’s peaks between 0.1
and 1 A-! that we can index as q*, 2q* and 3q*. Their presence is due to the one-dimensional lamellar
stacking of the NPLs in solution. Qualitatively, we observe that the larger the NPLs, the smaller the g*.

From the position of the peaks, we can estimate distances values d* from the simple formula q*=2n/d*.



This yields d* of 4.7 £ 0.1 nm for 428 NPLs, 5.1 £ 0.1 nm for 500 NPLs and 5.4 £ 0.1 nm for 556
NPLs. d* is the sum of the platelet thickness and the edge-to-edge distance (see Fig 2b). Since the
ligands are the same in the different populations, we hypothesize that the edge-to-edge distance is
identical for the three populations. As a consequence, the different values of d* we observe are due to
the thicknesses differences between the 428, the 500 and the 556 NPLs populations. The increment
measured between the different families is 0.3 £ 0.1 nm, that is around half the lattice constant of CdTe
(~0.65 nm). These results confirm that each CdTe NPL population has a thickness equals to an integer
number of CdTe monolayers. Moreover the typical thickness for platelets observed by TEM is 1.6nm
(NPL 428), 1.9nm (NPL 500) and 2.2nm (NPL 556) while the thickness of a layer of oleic acid is 2.1
1

nm'., consequently the sum of the thickness of the NPL add to two monolayers of oleic acid is higher

than the SAXS period, pledging for a partial interdigitation of the ligand into a stack of platelets

e ty (a.u.)

Intensi

——NPLs 428
F | ——NPLs 500
10°F |——NPLs 556

0,1 1
Scattering Vector, q(A‘l)

Figure 2: SAXS measurements. a) Characteristic scattering patterns for each NPLs population. For each curve three
Bragg’s peaks are present: q*, 2q*, 3q*. b) Schematic illustration of NPLs stacking. Values of d* include the NPL thickness

(t) and the distance between two NPL edges (9).

We have investigated the formation of the CdTe NPLs with various precursors of tellurium and

cadmium. For tellurium, we tested TOP-Te and the more reactive tributylphosphine-Te (TBP-Te). TBP-



Te gave uncontrolled formation of large aggregated NPLs (Fig. S2 in Supporting Information), so we
used TOP-Te for the rest of our experiments. For the cadmium, we explored three different cationic
precursors: cadmium formate (Cd(form);), cadmium acetate (Cd(OAc)2) and cadmium propionate
(Cd(prop)2). NPLs could easily be obtained with both Cd(OAc), and Cd(prop)2, but when Cd(formate)>
is used, it leads to the formation of tetrapod-like nanoparticles (Figure S3 of the Supporting
Information). We have further analyzed the NPLs with transmission electron microscopy (TEM). For
the two thinnest populations, we observed that a difference in the NPLs morphology depending on the
choice of the cadmium precursor. When Cd(prop): is used, the 428 NPLs have a disk-like shape with an
average diameter size of 145 nm while the 500 NPLs have an arrow-like shape with an average length
of 150 nm and an aspect ratio between 1.5 and 2 (Fig. 1a and 1b). When Cd(OAc); is used instead,
NPLs in pure thicknesses could be obtained, but the transmission electron microscope (TEM) images
shows NPLs that are more irregular in shape and less extended laterally (Figure S4). For 556 NPLs, we
had to use Cd(OAc); and a slow injection of cadmium precursors. The 556 NPLs appear rectangular on
the TEM images with an average lateral size of 35 nm x 80 nm (Fig. 1c¢).

In the case of the CdS NPLs, it was shown that the NPLs thickness could be controlled to a certain
extent by changing the length of the carbon chain of the carboxylic acid used for the synthesis®**. We
tested a series of carboxylic acids with different lengths of hydrocarbon chains: myristic acid (C14),
oleic acid (18:1 cis-9), behenic acid (C22) and erucic acid (22:1 ®-9). We observed that, for reactions
run under similar conditions, the longer ligands favor the formation of thicker NPLs (Figure S5 of the
Supporting Information), although NPLs thicker than the 556 NPLs in pure form could not be obtained.
Under our experimental conditions, these other carboxylic ligands produce NC agglomerate during the
synthesis (Figure S6 on the Supporting Information).

As a consequence, we stick with the oleic acid, and explored the influence of its concentration on the
CdTe NPLs synthesis. When the ratio of the oleic acid to the short chain carboxylate cadmium is larger
than 2:1, only CdTe spherical nanocrystals or aggregates are obtained (Fig. S7 on the Supporting

Information). We hypothesize that when the oleic acid is in great excess compared to the short chain
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carboxylate cadmium precursor, all the cadmium salt is complexed with the long oleic acid chain while
the short carboxylate chain evaporate during the degassing step. When the ratio of oleic acid: Cd
precursor was kept < 2:1, we observed that the higher the concentration of oleic acid the smaller the
lateral dimensions of the final NPLs. For example, the lateral dimensions of 428 NPLs obtained by
injection of TOP-Te at 180 °C in a mixture containing 25 mM of oleic acid (Fig. 3a), are roughly two
times larger than when the same synthesis is performed with 50mM of oleic acid (Fig. 3b). Similar

behavior is observed when the injection is performed at 210 °C for 500 NPLs (Fig. 3c and 3d).

428 NPLs

Figure 3: Control of the NPLs lateral sizes. TEM images of NPLs synthesized in presence of 0.5 mmol of Cd(prop), in 10
mL of ODE. The concentration of OA acid is 25 mM in a) and c¢) and 50 mM in b) and c). 0.1 mmol of TOP-Te 1 M is

injected at 180 °C in a) and b) giving 428 NPLs, while at 210 °C in c) and d) giving as final product 500 NPLs.

We now turn to the study of the formation kinetics of the CdTe NPLs, which was explored at different
temperatures with two different metallic precursors: cadmium acetate and cadmium propionate. The
formation of the NPLs was studied with a measure of the absorption of constant volumes of the reaction

mixture at different moments during the reaction (Fig. 4). All reactions were performed by injection of
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100 puL of TOP-Te 1.0 M in 10 mL of ODE mixed with 0.3 mmol of OA and 0.6 mmol of cadmium

precursor.
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Figure 4: Absorption spectra versus time for three different reaction conditions. Top: Absorbance at 350 nm after

correction due to the sampling (see Supporting Information) when the reaction is performed with (a) Cd(OAc),, at 120 °C,
(b) Cd(OAc); at 180 °C, (¢) Cd(prop). at 180 °C and then at 210 °C. Bottom: absorption spectra at different times during the

reaction.

We first studied the kinetic formation of the 428 nm NPLs (Fig. 4a). These NPLs are formed as a pure
population when TOP-Te is injected at 120 °C. In these conditions the absorbance at 350 nm, which is
proportional to the amount of crystalline CdTe in solution®®, constantly increases until about 70 min
(Fig. 4a), and the formation of 428 NPLs is underlined by the appearance of the first excitonic peak at
428 nm whose intensity also increases until the end of the reaction (Fig. 4d). In these conditions the
thinnest NPLs form gradually, and remains stable even after few hours at 120 °C. The same behavior
holds when TOP-Te is injected up to 140 °C. But as the injection (and the reaction) temperature is
increased to 150 °C, two populations of NPLs, the 428 NPLs and the 500 NPLs, are formed. They form

in different amount, and the ratio between the two populations is constant over prolonged heating. When

12



the injection is performed at 180°C, the precursors are consumed after 5 min (Fig 4b) and both the 428
NPLs and the 500 NPLs populations are present even 5 seconds after the TOP-Te injection (Fig. 4e).
The thinner population forms faster during the first 5 minutes, but it gradually disappears to the benefit
of the thicker 500 NPLs during the prolonged heating. Once transformed into thicker 500 NPLs, it
remains stable until the end of the reaction (75 min). This transformation with heating of NPLs of a
given thickness to a thicker population, that differ by just one CdTe monolayer (ML)!?, suggests that the
thinnest population dissolves into small parts, that could be clusters, small seeds, or precursors that re-
assemble into thicker NPLs that are more stable under these conditions. The dissolution of the thinnest

NPLs did not produce any spherical NCs, but only thicker NPLs.

In order to better grasp this dissolution and re-assembly process, we explored a third type of reaction
conditions (figure 4c and 4f). We kept the temperature at 180 °C for the injection, but we replaced the
Cd(OAc); with Cd(prop)2, that has a slightly longer alkyl chain. During the first part of the reaction, the
temperature is fixed at 180 °C (T;), which is the injection temperature. An hour after the injection, the
reaction temperature is increased to 210 °C (T2). During the first part of the reaction, only the thinnest
428 NPLs form and remain stable, even long after the 10 minutes necessary for the complete formation
of crystalline CdTe. The saturation of the absorbance at 350 nm happens at the same time whether
Cd(OAc): or Cd(prop): is used, but when Cd(prop): is used, only the 428 NPLs population is formed.
Similar instabilities when the temperature increases have been observed in the case of CdS NPLs*?* with
the complete disappearance of a NPLs population at the expense of a thicker one. In the case of CdSe
wurtzite quantum belts'” this behavior has also been observed, but no discussion of this evolution has

been provided.

It is not clear at this point what precise mechanism yields the dissolution of the thinnest NPLs and the
apparition of NPLs with just one more CdTe monolayer. However, two paths can be invoked (Scheme
1). After the nucleation at temperature T of the nanoplatelets seeds, they extend laterally for direct

reaction with precursors present in the reaction mixture to form thin NPLs. Subsequently if T, is high
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enough or if the temperature is increased to T>>Ti, the system composition may change. Either the
thinnest NPLs population dissolves completely to furnish 500 NPLs seeds that react rapidly with
precursors to give the thicker NPLs that are more stable (scheme 1, path A). Another possibility could
be that the thinnest NPLs partially dissolve to favor the growth of a monolayer on existing 428 NPLs for

direct reaction with precursors in a sort of ripening mechanism (scheme 1, path B).

- X
/ - - \
CdXz nucleation ° i e e
RsP-Te T - -,

°© o0 (N) ML CdTe NPLs
(N+1) ML CdTe NPLs

B) \ - °
X: acetate, propionate @  precursors T2 :’(_.b 09 ® /
R: n-octyl ) CdTeclusters ﬁ

Scheme 1: possible mechanistic schemes to explain the thickness evolution CdTe NPLs during the synthesis.

The NPLs we manage to synthesize with a rapid injection of Te precursor had lateral dimensions < 200
nm. In the case of CdSe NPLs, it was recently shown that continuous injection of precursors could
extend CdSe NPLs to lateral dimension up to 700 nm. We have applied similar technique to the CdTe
NPLs. We injected TOP-Te 2.24 M diluted in ODE into a mixture containing the cadmium precursor
and oleic acid in ODE. The choice of TOP-Te saturated was preferred to avoid or minimize the presence
of free TOP in the reaction mixture. The injections lasted usually for 30 minutes and they were

performed at temperatures ranging from 180 °C to 220 °C.
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Figure 5: Lateral extension of CdTe NPLs. TEM pictures of CdTe NPLs 2 min (a), 10 min (b), and 30 min (c) after the

onset of the injection. (d) Corresponding absorption spectra.

The absorption spectra taken during the injection (Fig. 5) demonstrate the formation of several NPLs
populations with a predominance of the 500 NPLs population. Aliquots were sampled from the reaction
mixture at various times, purified using precipitation with ethanol and centrifugation, suspended in
anhydrous hexane and observed with a TEM. After 2 min (Fig. 5a), the average size of the lateral
dimension of the NPLs is 60 nm while after 10 min (Fig. 5b), it increases up to 120 nm. At 30 min the
lateral size of NPLs reaches on average 500 nm. These results are in agreement with the mechanism
already proposed for the growth of CdSe NPLs that suggests the initial formation of some seeds that

keep extending through reaction with precursors. Although we cannot completely rule out the secondary
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nucleation of some NPLs combined to the fact that NPLs extended laterally are extremely fragile, we

were able to grow NPLs larger than 800 nm.

In summary, we have shown that the final aspect, shape and thickness of NPLs can be modified and
controlled choosing the most suitable conditions for the rate of TOP-Te addition, the ligands
concentration, the temperature of injection and the precursors ratio. Some examples of CdTe NPLs of
different shape and size obtained by tuning the synthetic parameters are listed in Erreur ! Source du

renvoi introuvable. on the Supporting Information.

Semiconductor NPLs with lateral dimensions close to 500 nm are potentially interesting nanoparticles
for the construction of devices such as Light Emitting Diodes®, photovoltaic cells’’, or even
photodetectors®®. We have explored the possibility to assemble the CdTe NPLs into continuous and
homogeneous films (see experimental part), and we have measured the photoresponse of these CdTe

NPLs films.

Awe’n Z
= s,

The absorption coefficient of a quantum well is given by n* o nL where h is the
reduced Plank’s constant, p the reduced effective mass, n the optical index of the film, Zy the vacuum

impedance, L the thickness of the quantum well, S the electric field screening factor

s=(35—med

JZ
28 + Eanre , @ the filling factor (0.64 assuming randomly closed packing) which is the

fraction of absorbing material into the film taken equal to half, # the polarization term which for

quantum well is #° = 1/2 and finally the dipolar element is related to the Kane energy (Ep) through the

T
EG

{ EP
relation 2m, with E¢ the bulk band gap and my the free electron mass. All the parameters
values are reported on table S2 on the Supporting Information. The thickness of NPLs with a peak

wavelength at 500 nm is 1.9+0.3nm'® which leads to a predicted value of 2+0.4x10%m " for the
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absorption coefficient which need to be compared to the experimental value of 1.5x10%m™!, see Fig. 6a.
Most of the uncertainty results from the roughness of the film and the evaluation of the NPL thickness.
Moreover tuning the lateral size within a factor 5 does not affect the value of the absorption coefficient.
At the individual scale the cross section of a NPL is considerably increased compared to spherical QD>°,
typically by a factor 100 which corresponds to the change in the particle area. Nevertheless this
advantage is partly washed out once processed under a film form due to the lower density of NPL and

the absorption coefficient is very similar to the reported value for QD film.
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Figure 6: (a) Absorbance at the first exciton as a function of the film thickness. Inset: thickness

profile of a film of CdTe nanoplatelets. (b) I-V curves of a film of CdTe 500 NPLs under dark condition
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and illuminated. (c) I-V curves under illumination of a film of CdTe 500 NPLs and CdTe QD with an

exciton peak at 518 nm. The film thickness is 1um in both cases.

As deposited, the material does not shown any measurable conductance as long as the NPL are caped
with the initial oleic acid ligand. On the other hand, once ligand exchange? with a short amine is
performed we are able to observe a conduction signal. For propylamine capped CdTe NPLs we measure
a resistivity which is of the order of 5x10* Q.cm under dark condition. Due to the fact that platelets are
Cd rich on their surface the dipping of the film in the short amine solution mostly removed the excess
organic. The film also presents good photoconduction properties as shown on Fig 6b. Comparison of the
NPL with regular 0D CdTe QD (Fig. S11 on Supporting Information), capped with the same ligands is
shown on Fig 6¢. We typically observe a 4 time improvement of the photocurrent signal with the NPL.
This difference can be partly attributed to the size of the object. For colloidal quantum dots film, most of
the resistance of the film is due to the tunnel barrier due to the ligand, larger semiconductor nanocrystals

consequently reduce the number of hopping step required to reach the electrodes.

The ease to extract the photosignal compared to the dark current tends to indicate that the transport in
the film of NPLs is mostly limited by the lack of thermally activated carrier rather than by the carrier
mobility. We consequently believe that the CdTe NPLs are promising material for photoactive
optoelectronic applications. Moreover there is room for a stronger tuning of the film conductivity

through alternative ligand exchange strategies ° and encapsulation in a host high mobility matrix*.

CONCLUSION
We present in this work the synthesis of three populations of CdTe NPLs that were obtained with a high
degree of purity in terms of thickness and lateral dimensions. We have investigated the different
parameters of the NPLs synthesis, including various precursors of cadmium, of tellurium, various

precursor concentrations and various temperatures both for the precursors injection and for the
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synthesis. Under optimized conditions, we were able to obtain NPLs with pure thickness, and lateral
dimensions that could reach up to 800 nm. NPLs with 500 nm lateral dimensions were tested for
optoelectronic devices and we found that with barely processed material we could easily extract a large
photoresponse. In consequence, we believe that CdTe NPLs are a promising material for devices such as

photovoltaic cells.
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