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ARTICLE INFO ABSTRACT

This work investigates the effect of heat treatments on CdSe/CdS core-shell nanocrystals assemblies with dif-
ferent sizes and capping ligands. Nanostructured thin films, consisting of an array of CdSe quantum dots em-
bedded in a continuous matrix of CdS, have been obtained by mild thermal treatments of CdSe/CdS core-shell
nanocrystals deposited on glass substrates from colloidal solution. These materials are regarded as promising
photon upconverters, or absorbers for high-efficiency photovoltaic devices. The treatments were conducted in
the range 300-550 °C for up to 150 min. The nanoscale evolution during the heat treatment was investigated by
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Keywords monitoring optical properties of the films. Initially, the well-defined photoluminescence band, corresponding to
Core-shell the first quantum dots exciton state, rapidly shifts towards lower energy, indicating delocalization of the exci-
Quantum dots ton and suggesting that nanocrystal CdS shells are merging by sintering mechanisms, thus forming a continuous
Sintering matrix. Control over this phase of the heat treatment leads to the desired nanoscale morphology and properties.
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The kinetics of sintering has been characterized, and the procedure has been systemically applied to CdSe/CdS
nanocrystals of different sizes and ligand types. This research provides novel values for the activation energy of
the sintering process and strongly support the general applicability of such process to control and optimize opto-
electronic properties of nanostructured thin films for applications like light-emitting diodes, tunable emitters and
photoconductors among others.
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1. Introduction

In recent years, remarkable improvements have been achieved in
the nanotechnology field about the synthesis [1-3], composition con-
trol [4,5], shape determination [6] and surface chemistry [7,8] of
nanocrystals (NCs). While lots of applications rely on NCs in colloidal
form, like for example drug delivery, catalysis and biological label-
ing [9-11], many others require the assembly and deposition of these
building blocks to obtain three-dimensional structures [12,13]. Even if
the physics and chemistry behind deposition techniques may seem sim-
pler compared to colloids processing, it is a fundamental procedure to
fabricate devices with specific properties for medical, optical and elec-
tronic applications. Being able to organize and control the disposition
of NCs in three-dimensional solids, without sacrificing their properties
or even better by exploiting possible emerging properties arising from
the synergy between the elements of the nanosystem, is therefore an ex-
tremely important operation. Such structures can find application in sev-
eral fields, like for example as solution-processable thermoelectric ma-
terials due to the importance of grain boundaries to attain low ther-
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mal conductivity, or as solution-based materials for low-cost and
large-area solid state electronics [13-15] among many others. Being
able to propose simple and effective processes to control the size, shape,
ordered arrangement and functional properties of NCs is a much-needed
feature of current state-of-the-art to help the community in design-
ing and producing innovative devices. For example, semiconductor
nanocrystals have been proposed as viable candidates to obtain an in-
termediate band material [16-18]. In a three dimensional, ordered ar-
ray of QDs located inside another, larger bandgap semiconductor ma-
terial (referred as barrier or host material), an IB would arise within
the bandgap of the host material from the confined electronic states of
the QDs if the electron wave functions become delocalized and have
significant overlap [19]. This geometry, also known as Quantum Dots
Supracrystal [20,21], has been obtained in other works by molecular
beam epitaxy, and working IB solar cells with this structure have been
reported [22,23].

This work proposes an alternative, bottom-up approach to obtain
such complex geometry starting from colloidal synthesis of core-shell
nanocrystals. These nanocrystals have been self-assembled and then
densified after the application of a mild heat treatment conceived to sin-
ter the external shell material, becoming the “host” matrix while pre-
serving the inner quantum dots. CdSe/CdS core-shell NCs were syn-
thesized by colloidal routes similar to those reported by other au-
thors [24,25] as they represent the prototypical system for core-shell
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II-VI semiconductor quantum dots. Most synthetic routes to high quality
NCs with tunable sizes and shapes utilize long hydrocarbon molecules
containing a coordinating head-group as ligands (typically carboxylic
acids, amines and phosphines), which sterically stabilize nanocrystals
in non-polar solvents [7,13,26,27]. The presence of these long, insu-
lating molecules creates a barrier around each NC and blocks the ac-
cess of other species to the nanocrystal surface; nevertheless, these or-
ganic ligands remain bonded on NCs surface even during the anneal-
ing step, and can represent a physical barrier, as well as an electric
one, to the external shell material sintering process [28]. A previous
study [29] shows that long chain carboxylic acids remain bound on
NC surfaces up to temperatures higher than 400 °C, well above their
boiling points. Therefore, they are not easily removed by applying a
heat treatment, at least not without exposing the heterophasic core-shell
nanocrystal to an unwanted alloying process [30]. In this work, it was
preferred to chemically substitute them with short chain thiols (like mer-
captoacetic acid), to ease their subsequent removal by means of heat
treatment, or by replacement with short functional ligands like S2-, by
means of colloidal Atomic Layer Deposition (c-ALD), which can be in-
corporated on the surface of the shell due the chemical likeliness to
shell material [14,31]. The selected ligands have low boiling point (be-
tween 100 and 220 °C), and are known to be desorbed from the sur-
face of CdS nanocrystals between 190 and 250 °C [32]. The final heat
treatment application was therefore conceived to sinter the external
shell material while preserving the nanostructure, i.e. avoiding the al-
loying of core and shell materials. Sintering can be seen as a densifi-
cation method based on atomic diffusion [33]; being a thermally acti-
vated process, diffusion occurs much faster at higher temperatures. In
most sintering processes, the material is heated to a sintering temper-
ature 7y below the melting point 7},; typical values for sintering are 7
~ 2/3 T,. The atoms diffuse across the boundaries of crystallites, fus-
ing the particles together and therefore creating bigger crystallites. The
driving force for this process is the change in free energy E, which has
two contributes: (i) the decrease in surface area and (ii) the reduction
of the surface free energy by the replacement of solid-vapor interfaces
with solid-solid interfaces. If the size of the particle is small, or, equiv-
alently, if the radius of curvature is large, these effects become very
large in magnitude, leading to sintering and even melting at lower tem-
peratures. It is also known that melting temperature of nano-sized crys-
tals decreases with dimension; Goldstein and co-workers [32] reported
a difference between bulk CdS melting temperature and nano-sized CdS
melting temperature larger than 1000 K for crystallite with a radius
below 2 nm. According to their work, CdS crystallites with a diame-
ter ranging between 6-7 nm (about the size of nano-heterostructures

CdSe/CdS - MAA
d=6.3nm
Eg =1.98 eV
Emission WL = 625 nm

used in this work) should have a melting temperature 7)s ® 825 °C;
therefore, a good sintering temperature for these crystallites is & 550 °C.
The optimal sintering temperature and time were determined experi-
mentally, following the bandgap evolution of CdS NCs and CdSe/CdS
core-shell NCs during the heat treatments via fluorescence spectroscopy.
Our approach relies on simple processing and low-cost fabrication of
thin films with precise optoelectronic properties. In fact, the majority of
processes proposed so far requires vacuum and/or multi steps processing
to limit formation of defects and impurities. Stabilizing NCs with short
ligands allowed us to reduce the temperature during annealing, avoid-
ing the drawbacks encountered in literature [29,34-36].

The aim of this work was the investigation of how sintering affects
the optoelectronic properties of semiconductor NCs thin films made of
CdSe/CdS and the fine tuning of such properties by means of control
of temperature and sintering time. In this work we have performed
the synthesis of core-shell nanocrystals in organic media, followed by
ligand exchange. We investigated two different systems of CdSe/CdS
core-shell: one stabilized with mercaptoacetic acid (MAA) and one with
Sulfur ions (S2-), see Fig. 1. Heat treatments have been performed on
the films and their emission has been characterized at different time and
temperature of the process.

2. Material and methods

Materials. All chemicals have been used as received, without fur-
ther purification. Cadmium oxide (CdO, 99.5%), oleic acid (90%), tri-
octylphosphine (TOP, 90%), 1-octadecene (ODE, 90%), selenium pow-
der (99.999%), sulfur powder (99.98%), cadmium acetate dihydrate
(Cd(OAc), -2H30, 99.99%), n-methylformamide (MFA, 99%), sodium
sulfide (NasS, 97%), methanol (>99.8%), ethanol (>99.5%), acetone
(>99,9%), n-hexane (>95%), mercaptoacetic acid (MAA, > 98%), cad-
mium sulfide powder (CdS, > 99%), cadmium selenide powder (CdSe,
>99%) were purchased from Sigma-Aldrich.

Synthesis of CdS NCs. Sulfur powder (22 mg) was dissolved in 0.5
ml TOP and 1.5 ml ODE, at room temperature. In a three-neck flask un-
der argon flow, 135 mg of cadmium acetate, 10 ml ODE and 0.4 ml OA
were heated at 260 °C for 10 min, then the previously prepared Sulfur
solution was quickly injected, . The temperature was kept at 250 °C for
45 min in order to grow CdS NCs with first absorption peak centered at
466 nm (corresponding to a diameter of 5 nm). Size and concentration
were determined according to Yu et al. [38] sizing curves. After synthe-
sis, particles were stored at room temperature in their original growth
solution.

Synthesis of CdSe NCs. Selenium powder (80 mg) was dissolved in
TOP and ODE (0.5 ml and 1.5 ml respectively) at room temperature.

CdSe/CdS - S--
d=7.3nm
Eg=193eV

Emission WL = 645 nm

Fig. 1. Conceptual representation of the two experimental systems developed in this contribution and their optoelectronic characteristics. The red core represents the CdSe, while the
yellow shell indicates CdS. In detail: CdSe/CdS core-shell stabilized with mercaptoacetic acid (left) and CdSe/CdS core-shell capped by S2- (right) with respective mean size, bandgap and

emission wavelength.
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In a three-neck flask, 135 mg of cadmium acetate, 10 ml ODE and 0.4
ml OA were heated at 280 °C under argon flow for 10 min, then the pre-
viously prepared Selenium precursor was quickly injected. The temper-
ature was kept at 250 °C for 15 min in order to grow CdSe NCs with
first absorption peak centered at 565 nm (corresponding to a diameter
of 3.5 nm)[37]. Size and concentration were determined according to
Janiesak et al. [39] sizing curves. Before shell growth, particles were
washed twice in methanol/acetone to remove reaction byproducts, cen-
trifuged, re-dissolved and finally stored in ODE for shell growth.

Synthesis of CdSe/CdS core-shell NCs. A preselected amount of
CdSe NCs of known size and concentration was diluted in 15 ml ODE
into a three-neck flask and heated to 240 °C under argon flow; then,
pre-calculated amounts of cadmium and sulfur precursor solutions were
alternatively injected into the reaction vessel. A slightly modified Selec-
tive Ion Layer Adsorption and Reaction (SILAR) method was used [25].
Sulfur precursor was prepared by dissolving 6.4 mg of S in 0.1 ml TOP
and 4 ml ODE at room temperature; cadmium precursor was prepared
by heating 324 mg of cadmium acetate in 4.2 ml ODE and 1.8 ml of OA
at 250 °C for 20 min in inert atmosphere. Reaction temperature was kept
between 240 °C and 250 °C; reaction time for each ML from 5 to 10 min.
Up to 5 MLs of CdS were grown on CdSe cores. After the reaction was
complete, the mixture was cooled to room temperature. After the depo-
sition, the samples have been washed with methanol and acetone, pre-
cipitated and dispersed in fresh hexane. Size was estimated through a
Concentric Spherical Model (reported by van Embden et al. [24]). Con-
trol over size and size distribution during core synthesis and shell depo-
sition is reported in Figure S1.

2.1. MAA System

Ligands exchange procedure. 0.1 mmol of CdSe/CdS core-shell
NCs or 0.1 mmol of CdS NCs were washed twice with methanol, precip-
itated with acetone and re-dissolved in 4 ml of n-hexane; 0.1 mmol of
MAA were added; the NCs started aggregation/flocculation almost im-
mediately; the suspension was vigorously stirred for 30-60 min, then
it was divided in two test tubes; 2 ml of n-hexane and 2 ml of ace-
tone were added to each tube, vigorously mixed, then centrifuged for
10 min. At this point, a colored precipitate appeared in the bottom of
the test tubes: the precipitate was then washed and centrifuged/precipi-
tated twice with n-hexane, then it was dispersed in 2 ml ethanol.

Deposition of colloidal solution. Glass microscope slides (Corning,
75 X 25 mm, plain, purchased from Sigma-Aldrich) were cleaned by
two-step sonication: 5 min ultrasonic cleaning in acetone, dried with ni-
trogen flow, then 5 min ultrasonic cleaning in 2-propanol, finally dried
with nitrogen flow; a Branson 2200 Ultrasonic Cleaner was used. Sam-
ples were then cut into 5 mm x 5 mm pieces and heated to 50 °C on
a hot plate. MAA Ligand-exchanged NCs were drop casted on hot glass
substrates from ethanol dispersion (2 drops for a5 x 5 mm? glass sub-
strate); after solvent evaporation, samples were removed from the hot
plate and inserted inside glass tubes. Before sealing the tubes, nitrogen
has been flowed inside to remove oxygen and avoid oxidation during the
following thermal treatment.

Heat treatments. Heat treatments were performed in a Linn High
Therm VMK 1800 furnace; NCs assembled on 5 X 5mm glass sub-
strates inside sealed tubes were put on aluminum oxide holders

a)  b)

and heated to 300 °C, 350 °C, 400 °C and 500 °C, for a maximum dura-
tion of 150 min. Temperature higher that 600 °C would soften the tube
glass walls, causing potential leakage of inert gas.

2.2. §%~ system

Ligands removal and phase transfer procedure. Aliquots of
core—shell NCs in hexane have been mixed with large excess of sodium
sulfide (1000x times the amount of surface sites) in N-methylformamide.
The transfer from non-polar to polar media happened within few sec-
onds [31]. Crystals have been, then, centrifuged and precipitated using
hexane and acetone, and finally redispersed in fresh MFA.

Deposition of colloidal solution. The stable NCs solution was de-
posited on glass substrate by drop-casting in order to obtain thin films.
N-methylformamide is a high boiling point solvent, and its complete
spontaneous evaporation could require long time. To address this lim-
itation, substrates with drop-casted solution have been placed inside a
vacuum chamber in order to promote fast controlled evaporation. No
heating has been applied to avoid any possible event of annealing or
sintering, which would reduce sensibly the repeatability of the process.
Glass microscope slides have been sonicated 5 min in acetone and 5 min
in isopropanol. Slides have been cut in small rectangular substrates
with size 5 X 5 mm? Two drops of 4.9 KM NCs in MFA solution have
been deposited on the substrates, then samples have been placed inside
the vacuum chamber connected with a water pump. Evaporation oc-
curred during the following two days. Once films were completely dried,
they have been inserted inside glass tubes. Before sealing, nitrogen flux
flowed inside the tubes to remove oxygen and avoid oxidation during
the following thermal treatment.

Heat treatment. Samples inserted in glass tubes with controlled ni-
trogen atmosphere have been sintered at various temperatures, from
300 °C up to 550 °C. Every series presented 7 different samples, each
one with a different treatment duration: 2, 4, 8, 16, 32, 64 and 128 min.
After the treatment, samples inside the tubes have been cooled down in
air, the glass was broken and films have been optically characterized.
Fig. 2 indicates the synthetic procedures from the core synthesis to the
final thermal treatment for the two systems.

2.3. Characterization

TEM imaging. Diluted solution of NCs in n-hexane were obtained
washing original solutions twice in methanol, precipitating with ace-
tone, then re-dissolving in n-hexane. Samples were prepared by
drop-casting these diluted solutions on TEM grids (Electron Microscopy
Science CF-200 carbon/copper); images were acquired using a Philips
EM208 Transmission Electron Microscope. NCs size were directly mea-
sured on TEM images, using ImageJ software.

IR spectra of surface ligands. Original ligands: NC samples were
taken directly from synthesis solution, washed twice with methanol, pre-
cipitated with acetone and re-dissolved in n-hexane, then drop-casted
on a IR-transparent ZnSe window. Ligands-exchanged samples were
drop-casted on a ZnSe window from methanol or ethanol dispersions.
After solvent evaporation, the IR-transparent window was placed into
a sample holder inside the experimental chamber of a Thermo Nico-
let Nexus 470 FT-IR spectrometer (operated through a Nicolet In-
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Fig. 2. Conceptual scheme of the synthetic processes in this contribution. (a) synthesis of core CdSe; (b) CdSe/CdS core-shell development; (c) and (d) ligands exchange with MAA and S
2-, respectively; (e) and (f) deposition of the colloidal solution on glass films; (g) thermal treatment of samples.
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truments Omnic 5.2 software); IR spectra were acquired between 4000
and 500 cm™! at a resolution of 0.48 cm™!.

Optical characterization of colloidal solutions. Absorption and
photoluminescence (PL) spectra were acquired at regular intervals dur-
ing synthesis of NCs. Small aliquots were extracted from reaction solu-
tion, diluted in 2 ml n-hexane and placed in a cuvette (Plastibrand®
standard disposable PMMA cuvette, path length 10 mm). A
Perkin-Elmer Lambda Bio 20 spectrophotometer was used to record
UV-VIS absorption spectra, in wavelength range between 300 and
800 nm, with a resolution of 0.5 nm. Photoluminescence spectra were
acquired through an OceanOptics SD2000 spectrophotometer, in wave-
length range between 250 and 850 nm, with a resolution of 0.36 nm,
using an excitation source of 320 nm. First exciton wavelength 4, cor-
responding to the lowest energy absorption peak, was determined tak-
ing the minimum of the second derivative of the absorption spectrum,
applying the Savitzky-Golay method in ThermoGalactic Grams/Al 7.02.
Emission wavelength was determined from peak position of photolu-
minescence spectrum, fitted with Gaussian or log-normal curves, using
ThermoGalactic Grams/Al 7.02.

Photoluminescence measurements of deposited films. PL spec-
tra of as-deposited samples, of heat-treated samples and of commercial
available CdS and CdSe powders were acquired through a Renishaw In-
Via Raman Microscope equipped with a RenCam CCD detector, oper-
ated by a Renishaw Wire 3 software [40]. Peak positions were deter-
mined by fitting spectra with log-normal curves using ThermoGalactic
Grams/Al 7.02. Excitation sources were an Omicron Bluephoton® 480
mW diode laser emitting at 405 nm (used for CdS NCs and CdS films
during heat treatment), a SpectraPhysics 50 mW argon-ion laser emit-
ting at 514.5 nm and a Renishaw HP NIR 300 mW diode laser emitting
at 785 nm (used for CdSe/CdS NCs and film during heat treatment).

3. Result and discussion

CdSe NCs were synthesized from cadmium acetate, oleic acid, sele-
nium and trioctylphosphine with a modified method (see experimental
details) based on previously reported techniques [41]; then, 5 mono-
layers (ML) CdS shell were overgrown to obtain CdSe/CdS core-shell
nanocrystals with a successive ion absorption and reaction (SILAR)
method similar to that reported by other authors [24,25]. We used
cadmium acetate, oleic acid, sulfur and trioctylphosphine as reagents.
Fig. 3 left reports absorbance spectra of CdS (synthesized as a refer-
ence) and CdSe NCs used in the following steps. TEM pictures of CdSe
NCs before shell growth (d = 3.5 + 0.5 nm, 4emi = 580 nm_ first exci-
ton energy = 2.14 eV), reference CdS and CdSe/CdS (5 CdS shell layers
-d=6.3 = 0.5 nm, 4demi = 625 nm_ first exciton energy = 1.98 eV) are
shown in Fig. 3 right.

CdSe/CdS long chain ligands were substituted with shorter mer-
captoacetic acid (MAA) or S2-, to ease their subsequent removal dur-

ing heat treatment (see experimental section for details of these pro-
cedures), then dispersed in ethanol (in case of MAA) or N-methylfor-
mamide (for S2-). For MAA, ligand exchange was assessed by means of
infra-red spectroscopy (see Figure S2), while for S2- the transfer from
nonpolar to polar solution, supported by PL spectra, was considered as
indication of the ligand exchange (Figure S3).

3.1. MAA-system

Core-shell assemblies were subjected to heat treatments, while mon-
itoring their PL evolution during annealing at 300 °C, 350 °C, 400 °C and
500 °C. Fig. 4 summarizes their PL energy evolution as a function of
heating time for each temperature series. It is possible to notice that dur-
ing heat treatment the PL energy of CdSe/CdS core-shells initially de-
creases, accordingly to literature [42], from the original value of 1.98
eV down to a common value of 1.84 eV, then it increases to energies
even higher than the original NC apparent bandgap. It can be observed
that both variations are faster at higher temperatures, as indicated in
Fig. 4-right where linear fitting lines represent the transformation rates
in the first minutes of the sintering event. Both processes behave like
thermal activated ones, and, from the transformation rates, activation
energies can be estimated for sintering of external material and recipro-
cal diffusion of CdSe into CdS, i.e. alloying, resulting in 68 kJ/mol and
126 kJ/mol respectively. These values are in accordance to what previ-
ously reported in literature for NCs cation exchange and diffusion mech-
anisms [43,44].

These films have been compared to reference CdS films synthesized
following the same procedure: Fig. 5 shows the first exciton energy as
a function of heating times at different temperatures for bare CdS film .
It is possible to see that the PL energy of CdS NCs decreases with heat
treatment time, analogously to CdSe/CdS films; from original value of
2.7 eV down to a value that is comparable to the bandgap £¢ of com-
mercial-available CdS powder. The value of 2.3 eV, lower than the refer-
ence bulk material (2.42 eV) is very likely due to defects present in the
barrier material, which do act as donor—acceptor pairs, slightly decreas-
ing the apparent bandgap of the material [45-47].

In spherical NCs the relation between radius r and nanocrystal
bandgap Enc can be expressed using the formula from Brus et al. [48],
where E2* is the bandgap of the bulk material, "c* and 74* are elec-
tron and hole effective masses, h the Planck’s constant, e the elementary
charge and € the absolute permittivity of bulk material:

_ 1182
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Eyc = EM + < +o ) -
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A first exciton energy decrease is consistent with an increase in crys-

tallite dimension, i.e. NCs merging together, since both electron con-

fining potential £z and hole confining potential £y decrease [49,50].
When crystallites become larger than Bohr radius, Enc

o _
t\" - CdSe
&= — CdS
2
D
2
£
§e]
0]
L
EO
£
o
Z9
o

20 22 24 26 2.8 30 32

Energy [eV]

Fig. 3. Absorbance spectra for CdS and CdSe cores (left). TEM image of CdSe core, CdS core and CdSe/CdS core-shell NCs; scale bars are 10 nm (right).
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approaches the value of the bulk material £ (as schematized for CdS in
Fig. 6).

In the case of CdSe/CdS the situation is slightly different. The bot-
tom energy bandgap threshold is higher than the bandgap of commer-
cial-available CdSe powder, 1.84 eV and 1.74 eV, respectively, lead-
ing to the likely conclusion that CdSe cores are not merging together.
Given the particular band offset of CdSe/CdS heterojunction, repre-
sented in Fig. 7 left, and being Enc the sum of (i) bulk material
bandgap Eg; (ii) electron confining potential £z and (iii) hole confin-
ing potential £y, this implies that after merging the external mater-
ial (CdS) only £ should decrease, while £z should not (holes remain
confined into CdSe quantum wells — as schematized in Fig. 7 right).
The initial bandgap energy decrease is therefore consistent with an in-
crease in shell dimension only: the external material is merging together
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Fig. 6. Schematization of apparent bandgap decrement with increasing CdS NCs size: ap-
parent bandgap ENC is represented by the sum of bulk material bandgap EG (blue bar),
electron confining potential E£(red bar) and hole confining potential E# (green bar).

and electrons in conduction band are more delocalized. Varying shell
thickness of the starting material would affect the interparticle distance
between cores within the deposited film, thus allowing the fine-tuning
of the optoelectronic properties of the final material.

On the contrary, the successive bandgap energy increase is consis-
tent with alloying of CdSe and CdS: the bandgap of the alloyed material
changes as a function of composition, according to Vegard’s Law.

CdSexS1— _  pCds cds
E, = xESB¢ + (1 -x) ES® —b(1 - )
CdSe Cds
where E;”° and E;" are the bandgaps of bulk CdSe and CdS, re-
spectively, and b a deviation from linear behavior, known as “bowing

parameter” , which depends on the difference in electronegativity of
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Fig. 7. Left: bulk band offset in a CdSe/CdS heterojunction. Right: schematization of
the apparent bandgap, decreasing while the CdS shell is merging together, in CdSe/CdS
core-shell NCs. Apparent bandgap ENC is represented by the sum of bulk CdSe bandgap E
G (blue bar), electron confining potential E£(red bar, decreasing while CdS shell merge to-
gether) and hole confining potential E# (green bar, not influenced by CdS shell merging).
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the two components. Core-shell NCs used in this study were composed
by a CdSe core with a diameter of 3.5 nm, and a 5ML-thick CdS shell,
corresponding to a molar ratio S/Se of 2.44 (that is a CdSe, Sa-y al-
loy with x = 0.3). Under this assumptions, this compound should have a
bulk material £ of about 2.15 eV, very close to the final two measure-
ments for the 500 °C treatment.

3.2. S2—-system

After shell growth by SILAR, hydrocarbon long-chain molecules are
bounded on NCs surface, which stabilize them in organic media. This
capping layer would represent an obstacle for the successive self-as-
sembly of nanocrystals, especially in terms of functional properties. Or-
ganic compound shells hinder the electron transfer from one NCs to-
ward the neighbors, suppressing any conductive properties the struc-
ture may possess. The most promising system consists on the ligand-ex-
change by means of sodium sulfide. It is worth mentioning that, even by
changing long-chain organic compounds with conductive or extremely
short ligands, during the self-assembly process these molecules would
remain attached on the surface of NCs, representing in most cases im-
purities for the assembled film and preferential centers of non-radia-
tive recombination. Pyrolysis of these compounds would produce new
defects with unspecified composition, increasing the degree of uncer-
tainty related to the structure. These considerations are the main rea-
son for the endeavours to stabilize NCs in polar media using ligands
that can be embedded within the shell structure [51,52]. In fact, sul-
fur ions on the crystal surface represent one additional half monolayer
of CdS shell, maintaining compositional coherency, and the sodium
counterions in solution can act as p-type dopants of the barrier mate-
rial once the shell has been sintered. Fig. 8 presents an overview on
the evolution of the emission wavelength. As one can observe, there is
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Fig. 9. Arrhenius plot for bandgap energy variation (blue: crystal with MAA red: crystal
with S2-) in CdSe/CdS NCs. Dashed lines represent linear fitting of the experimental data.
The slope of these lines is associated to the activation energy of the process, in this case 68
and 63 kJ/mol for MAA-capped and S2--capped NCs, respectively.

a substantial PL redshift during the treatment. The redshift is, further-
more, more pronounced at higher temperature, supporting one more
time the thermal activation feature of the sintering process. Redshift
of photoluminescence is a forecasted effect during sintering, since the
electrons within the core-shell perceive an increased delocalization of
their wave function, i.e. a weakening of quantum confinement, due to
rearrangement of CdS shell material. It is worth noting that PL shift from
the starting 1.93 eV toward smaller values , depending on process tem-
perature and time. Small shifts are associated to lower temperature, as
for 300 °C and 350 °C the minimum energy reached is 1.86 eV, while at
500 °C the structure presents an emission peak located at 700 nm (1.77
eV). The Arrhenius plot for this transition indicates an activation energy
of 63 kJ/mol, slightly lower compared to the one of the system capped
with MAA (68 kJ/mol) but not significantly different (Fig. 9). In fact,
these figures indicate the amount of thermodynamic energy required
during the sintering process, irrespective of the rates of such transforma-
tion. As in all systems we are observing sintering of CdS, we do expect,
indeed, values quite close to each other.

The PL emission of sintered films obtained from CdSe/CdS stabilized
with S2- is extremely close to the 1.74 eV figure of commercial CdSe,
following the same transformation already discussed for MAA-stabilized
NCs (Fig. 6). One possible speculative explanation for the difference in
film emission wavelengths for the two systems is that NCs stabilized
with MAA did not reach a bandgap close to the bulk value because the
set in of alloying processes. In fact, as can be seen from Fig. 4, the three
higher temperature series abruptly change trend, while for lower tem-
perature there is no evidence of a stable equilibrium in emission wave-
length during the time-window we investigated. On the other hand, for
S2--capped NCs a blueshift of film emission wavelength has not been de-
tected, and the system was in the condition to reach equilibrium with a
bandgap value close to the one of the massive material. Further investi-
gation is on progress to understand why the two systems have showed
a different behavior in the intermediate and final stages of the thermal
treatment.

3.3. Homogeneity of the films

To investigate the uniformity in PL emission of samples, we per-
formed an extended analysis on films stabilized with S2- ligands. Sam-
ples have been excited by a 514 nm laser source on an area of 400x
650 pm?2 centered in the middle of the film, collecting photolumines-
cence from an average of 80 spots per sample within that area (see
scheme in Fig. 10a). The map colors in Fig. 10c are associated to the
detected emission wavelength and provides a general view about the
uniformity of the film in terms of photoluminescence . Furthermore,
a degradation of the film uniformity occurs during the process, and
it is easily noticed by observing the color distribution in each single
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Fig. 10. (a) scheme of the experimental setup for film uniformity analysis under an excitation source at 514 nm. (b) evolution of standard distribution with sintering time for different tem-
peratures of CdSe/CdS core-shell NCs capped with S2- films. Values of standard deviation are obtained from map analysis; a clear trend is observable, with higher temperature processes
showing larger standard deviation of emission wavelength. (¢) emission maps showing evolution of PL wavelength during sintering of CdSe/CdS core-shell NCs capped with S2-. On the
bottom right corner of each map, mean emission wavelengths are reported. White squares inside the maps indicate spots where the peak was not detectable.

map. Higher temperatures cause a degradation of film uniformity, as
they promote faster kinetics of transformation and thus result in a less
uniform film, Fig. 10b. Low temperatures, on the other side, promote
a slow and uniform sintering process on films. It is very unlikely this
degradation is caused by oxidation of films, a usually detrimental event,
as samples have been sealed inside nitrogen-filled tubes. This reason-
ing is furthermore supported by the complete absence of substantial
blueshift in the first stages of the thermal treatment, an unavoidable oc-
currence during oxidation [53,54]. Instead, the distribution of PL is due
to coalescence and crystal growth, a direct result of heating in inert at-
mosphere.

4, Conclusion

We have introduced a simple and effective technique for the depo-
sition of multiphase thin films made of II-VI semiconductor nanocrys-
tals and stabilized with different short ligand types. The photolumines-
cence evolution of these complex structures at high temperatures has
been studied, indicating how spectroscopic methods are effective ways
to monitor the sintering process of core-shell nanocrystals. All films
showed a redshift of their photoluminescence during the process, in ac-
cordance to delocalization of the electron wave function in CdSe/CdS
core-shell due to conduction band alignment. Furthermore, our results
suggest that the process parameters can be easily controlled to obtain
films with desired properties. Finally, estimations of the activation en-
ergy for the transformation have been determined, resulting in an ac-
tivation energy of 68 and 63 kJ/mol for MAA- and S2-capped NCs, re-

spectively. Such values provide useful insight in identifying the limiting
mechanism and offer further understanding on the physical and chemi-
cal processes governing atomic diffusion at the nanoscale. These results
are consistent with a model based on the sintering of CdS shell mater-
ial, while preserving the integrity of CdSe cores, and the development
of functional heterostructures with desired properties for electronic and
optoelectronic applications.
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