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ABSTRACT: We present a general strategy for a facile
synthesis of complex multifunctional nanoscale materials via
colloidal atomic layer deposition (c-ALD). The c-ALD
technique is based on self-limiting half-reactions of ionic
precursors on the surface of a nanocrystal (NC) occurring at
room temperature. Using this technique, uniform layers of
CdS and ZnS semiconductor shells were epitaxially grown on
CdSe semiconductor cores with different shell combinations,
leading to the precise control of the optical properties of these
heterostructures. All core—shell multicomponent nanoparticles
preserve narrow size distributions, phase crystallinity, and
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shape homogeneity of the initial NCs. Furthermore, we attempted to extend the toolbox of the c-ALD to combine materials with
intrinsically different properties, such as Au/CdS core/shell structures with substantial lattice mismatch. The results presented in
this work demonstrate great opportunities for creating functional materials with programmable properties for electronics and

optoelectronics.

B INTRODUCTION

Synthesis of colloidal inorganic nanocrystals (NCs) has
experienced significant progress in past years leading to
development of the synthetic methodologies for diverse
nanoscale materials with unique optical and electronic
properties.' > One of the brightest sides of colloidally
synthesized NCs is an opportunity to prepare nanomaterials
with fine-tuned size, shape, composition, and complex
functionalities. For example, the combination of different
semiconductors in one nanoheterostructure allows us to
control the confinement and topology of electron and hole
wave functions, which, in turn, determine the NC proper-
ties.*™’ Particularly, the predominant strategy for achieving
higher photoluminescence (PL) is to epitaxially grow a shell of
a larger band gap material around the semiconductor core (e.g,
CdSe/CdS, CdSe/ZnS, CdSe/CdS/ZnS, InP/ZnS, etc.).®’ In
these core—shell structures, the charge carrier wave functions
are isolated from the surface dangling bonds, which are
regarded as the main source of nonradiative pathways of
exciton recombination.

Several methods for the shell formation have been developed
to date, such as the heterogeneous nucleation and growth of the
shell material on the surface of the core via continuous addition
of precursor solutions by a syringe pump,'’”"’ thermal
cycling,"*"® the successive ion layer adsorption and reaction
method (SILAR),'® and colloidal atomic layer deposition (c-
ALD)."” The latter, developed by Ithurria and Talapin, presents
a new stepwise technique for the synthesis of heterostructures

based on a sequential deposition of fully saturated ionic half-
monolayers onto nanocrystal core seeds. This method has a
number of advantages over other techniques. First, it enables
easy tuning of the optical properties of the NCs while
preserving their narrow size distribution and shape uniformity
regardless of the initial core size, shape, concentration, and
surface complexity. Second, the method offers an excellent
control over the surface composition and ligand chemistry of
the resulting core/shell NCs. Third, the shell grows at room
temperature and shows impressive reproducibility which could
be used to realize a large-scale synthesis. We note that under
the c-ALD conditions it is not necessary to precisely control the
concentration of initial NCs and shell precursors, since their
excess is removed after each deposition step and they do not
form separated nuclei at room temperature. All these make c-
ALD a powerful tool to synthesize the functional units with
controllable properties. Nevertheless, despite these convincing
benefits, validity and versatile opportunities of the c-ALD in
engineering the multifunctional materials have not been
thoroughly investigated yet and so far are limited to a number
of simple two-component nanoscale structures. Particularly, c-
ALD was successfully implemented to grow a CdS shell on
quasi-spherical CdSe'”'® and PbS' NCs as well as on delicate
plate-shaped CdSe NCs in solution.'”** Moreover, the Kagan
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group used this technique in solid-phase to change the surface
stoichiometry and therefore the electronic properties of PbSe
and PbS NCs.”!

In the current work we significantly extend the applicability
of the c-ALD technique with the introduction of a ZnS layer
that can be easily combined with a CdS layer within a complex
shell on a CdSe NC core of different sizes such as CdSe/CdS3/
ZnS, CdSe/CdS4, CdSe/CdS/ZnS/CdS/ZnS, CdSe/ZnS/
CdS3, CdSe/ZnS4, CdSe/CdS2/ZnS/CdS, and CdSe/CdS2/
ZnS2 (here the number designates the corresponding shell
thickness expressed in monolayer (ML) units). This shell
design results in a well-controllable modulation of the optical
properties of the nanoscale materials. These NCs represent
multicomponent structures with similar features, i.e., built from
various semiconductors. On the other hand, the combination of
materials with different nature in one heterostructure provides a
higher level of compositional complexity with new properties.
For instance, it was shown that synergistic properties were
realized between excitons and plasmons in Au/PbS NCs.??
However, in contrast to semiconductor—semiconductor,
metal—semiconductor heterostructures usually have a large
lattice mismatch between the core and shell materials. This
leads to a shift of the heterogeneous nucleation energy closer to
the homogeneous nucleation energy making the classical seed-
mediated growth of the shell material on such cores extremely
challenging.23 As a result, the integration of dissimilar hybrid
materials into one unit usually gives rise to anisotropic
structures with segregation of the core and the shell materials.”*
To tackle this serious issue of the growth of uniform
semiconductor outer layers on the surface of gold seeds, we
also employed c-ALD. The results presented in our work
undoubtedly demonstrate versatility and flexibility of the c-ALD
technique to synthesize diverse heterostructures with desirable
characteristics.

B EXPERIMENTAL SECTION

Materials. All chemicals have been used as received, without any
modification or further purification. Cadmium oxide (CdO, 99.5%),
oleic acid (90%), l-octadecene (ODE, 90%), selenium powder
(99.999%), sulfur powder (99.98%), cadmium acetate dihydrate
(Cd(OAc),2H,0, 99.99%), zinc acetate dihydrate (Zn(OAc),:
2H,0, 99%), n-methylformamide (MFA, 99%), sodium sulfide
(Na,S, 97%), tetrachloroauric acid trihydrate (H[AuCl,]-3H,0,
99.9%), tert-butylamine-borane complex (97%), tetraline (95—98%),
oleylamine (OlAm, C18 content 80—90%), and tri-n-octylphosphine
oxide (TOPO, technical grade) were purchased from Sigma-Aldrich.
Tri-n-octylphosphine (TOP, 97%) was purchased from ABCR.
Octadecylphosphonic acid (ODPA, 97%) was purchased from
PlasmaChem.

Synthesis of CdSe and Au Nanocrystal Seeds with Quasi-
spherical Morphologies. 3.3 nm CdSe NC cores have been
synthesized by a hot injection process in organic media according to
the published recipe.”>”° Briefly, 90 mg of CdO, 0.5 mL of oleic acid,
and 8.5 mL of ODE were mixed in a 25 mL three neck flask at 150 °C
for 1 h, and then the temperature was increased to 250 °C, at which
point 1 mL of the TOP-Se 1.6 M stock solution was injected. The
TOP-Se stock solution was prepared by mixing 0.632 g of Se powder
with § mL of TOP under vigorous stirring at room temperature until
the solution became completely transparent. After 1 min of growth,
the reaction mixture was quickly cooled to room temperature. As-
synthesized CdSe NCs were precipitated with 1 mL of methanol and 3
mL of acetone, centrifuged, and then dispersed in toluene. These
washing steps were repeated twice. These CdSe NC cores were used
to grow CdS and ZnS shells resulting in CdSe/CdS4, CdSe/CdS/
ZnS/CdS/ZnS, and CdSe/CdS2/ZnS2 colloidal heterostructures
(Figure 1).
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Figure 1. Scheme of the investigated shell combinations with
corresponding energy band diagrams of CdSe, CdS, and ZnS.
Numbers of layers are indicated after the composition with a final
shell thickness of 4 MLs for all of the samples. Positions of the energy
levels are depicted based on the corresponding bulk energy levels.

To demonstrate the general applicability of the c-ALD technique,
we also synthesized CdSe NCs with quasi-spherical morphologies
stabilized by phosphonic acids rather than by carboxylic acids, using
the synthetic approach developed by Carbone et al.”’ Particularly, to
obtain 3.8 nm wurtzite-type CdSe NCs, 60 mg of CdO were dissolved
in 3 g of TOPO in the presence of 280 mg of ODPA at 300 °C. In this
clear solution, a preprepared solution of selenium powder (58 mg) in
TOP (360 mg) was injected at 330 °C and the nucleated crystals grew
for 10 min. After abrupt cooling to room temperature, CdSe NCs were
washed in a similar way as described above for 3.3 nm CdSe NCs.
These CdSe NC cores were used to form complex multicomponent
nanostructures such as CdSe/ZnS4, CdSe/ZnS/CdS3, CdSe/CdS3/
ZnS, and CdSe/CdS2/ZnS/CdS.

Au spheres with diameters of ~4 nm were synthesized according to
the published recipe by Peng et al.:*® 0.1 g of H[AuCl,]-3H,0 was
dissolved in 10 mL of tetraline and 10 mL of OlAm to form a clear
orange solution under argon flow. At the same time, 0.087 g of tert-
butylamine-borane complex in 1 mL of tertaline and 1 mL of OlAm
was prepared in the glovebox and swiftly injected under vigorous
stirring in the Au-precursor solution at room temperature. The
reaction was kept at this temperature for 1 h, and the organic-capped
Au NCs were precipitated with acetone and then redispersed in
hexane. The same washing steps were repeated twice using the
hexane—acetone pair. The Au NCs dispersed in hexane were used as
cores for the CdS shell growth.

Colloidal Atomic Layer Deposition. The c-ALD procedure
followed the protocol proposed by Ithurria and Talapin.'” Cd, Zn, and
S precursors (all 0.5 M concentrations) were prepared by dissolving
Cd(OAc),, Zn(OAc),, and Na,S in MFA. Then, 0.5 mL of a 6 uM
solution of quantum dots in hexane were mixed with 0.1 mL of the S-
precursor and 0.5 mL fresh MFA inside a 1.5 mL plastic tube. The
concentration of the CdSe NCs can be determined using molar
extinction coeflicients at the band-edge for a given first absorption
peak energy of the NCs, as well as half-width-half-maximum of the first
absorption peak and peak intensity.*’After a few seconds phase
transfer occurred and the NCs became stable in the polar solvent.
These S*"-terminated particles showed no PL under UV excitation.
Then, washing of the obtained solution was performed, consisting of
the addition of 100—300 uL of acetone to destabilize the NCs and
precipitate them. Once centrifuged for 1 min at 3000 rpm, the
supernatant was removed, a fresh portion of MFA was added, and the
particles were redispersed by sonication. These washing steps,
repeated twice after each half monolayer growth, were found to be
optimal to preserve the colloidal stability of the inorganic-capped NCs
while enabling the excess of unbound ionic species to be fully
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removed. The latter can react with subsequently added counterions
resulting in undesirable homogeneous nucleation of CdS or ZnS.
Afterward, 0.5 mL of the cation precursor solution (either Cd(OAc),
or Zn(OAc), in MFA) were added, and the mixture was vigorously
shaken for 1 min to let the surface reaction occur. Once the precursor
reacted with the particles, the NCs were washed again and centrifuged,
and the particles were dispersed in MFA. After these two steps, one
full monolayer of CdS or ZnS was grown on top of the quantum dot
cores. The procedure can be repeated to reach the desired shell
thickness and shell alternation.

A similar technique was implemented to grow a CdS shell around
Au cores. Additionally, to improve the colloidal stability of the
inorganic-capped metal—semiconductor core/shell NCs, the surface
functionalization with OlAm was implemented.”® The all-inorganic
Au/CdS NCs were first precipitated from MFA solution using acetone
as a nonsolvent. Then, 40 yL of OlAm in 200 uL of toluene was added
to the precipitate resulting in the formation of a transparent solution of
the hybrid-capped NCs. To remove the excess of OlAm, acetone was
added into the NC dispersion. The dried NC powder was further
redispersed in pure toluene.

Characterization. All optical spectroscopic measurements were
performed at room temperature. UV—vis absorption spectra of NC
dispersions were acquired using a Cary S0 spectrophotometer (Varian
Inc.). A Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon Inc.)
equipped with a PMT detector for the visible range was used to
acquire the steady-state PL spectra of the NC solutions as well as to
estimate their PL quantum yields (PL QYs). To determine the PL QY
of the NC dispersions, we normalized PL spectra of different samples
with respect to the absorbed light intensity at the excitation
wavelength and subsequently integrated the PL intensity vs photon
energy over the entire spectra. The absolute values of PL QYs can be
estimated by comparing the relative values with those of freshly
prepared standard solutions with known QYs such as Rhodamine-101
in ethanol (99%). Rhodamine 6G in ethanol was chosen as a second
standard with PL QY (96%) calculated based on Rhodamine-101
following published instructions.®® All PL QY values were corrected
for different refractive indexes of various solvents. The CdSe NC size
an;i) concentration were calculated based on the data of Jasieniak et
al”?

Transmission electron microscopy (TEM) of the NC samples was
performed using a FEI Tecnai G2 20 microscope operated at 200 kV.
Specimens were prepared by dropping diluted NC dispersions on
carbon-coated copper grids with subsequent evaporation of the solvent
under vacuum overnight.

Powder X-ray diffraction (XRD) patterns were collected with a
Bruker AXS D2 PHASER diffraction system in the reflection mode. A
Nickel filter, Cu Kal irradiation, and a LYNXEYE/SSD160 detector
were used.

B RESULTS AND DISCUSSION

Multicomponent Semiconductor-Semiconductor
Core/Shell Nanostructures. CdSe NCs with sizes of 3.3
and 3.8 nm were used as starting cores to synthesize core—shell
heterostructured materials with a variable alternation of CdS
and ZnS layers having a total shell thicknesses of 4 MLs (Figure
1). Particularly, CdSe/CdS4, CdSe/CdS/ZnS/CdS/ZnS and
CdSe/CdS2/ZnS2 structures were synthesized from 3.3 nm
sized CdSe NCs, while larger 3.8 nm CdSe cores were used to
deposit shell layers with the formulations of CdSe/CdS3/ZnS,
CdSe/ZnS/CdS3, CdSe/ZnS4 and CdSe/CdS2/ZnS/CdS. As
follows from the band energy diagrams presented in Figure 1,
by combining in one shell CdS and ZnS layers one can play
with the band gap alignment within the resulting core/
multishell heterostructures. Thus, by covering the CdSe core
with either CdS or ZnS shells, the type I heterostrucure will be
formed, where the band gap of the core is locked within the
band gap of the shell semiconductor, confining the charge

carriers inside the core. Furthermore, we can control the extent
of quantum confinement by choosing a proper pair of
semiconductors, ie., compounds with the desired band
alignment. For example, in the case of the CdSe/CdS structure,
a hole is expected to be localized mainly in the core, whereas
the electron wave function can be extended to the shell (partly
delocalized) owing to a small energetic threshold between
conduction bands of CdSe and CdS. Unlike in this
configuration, in the CdSe/ZnS heterostructure both charge
carriers should be mainly confined in the core due to relatively
large energy barriers imposed by the ZnS shell depending on its
thickness. Moreover, introduction of the CdS layers in between
ZnS ones can yield a quantum well structure in which the larger
band gap semiconductor forms energy barriers around the
smaller band gap semiconductor leading to additional confine-
ment effects.

Absorption and PL spectra of the core and core—shell NCs
are presented in Figures 2 and SI1—SI6. As seen in Figure 2a,
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Figure 2. Evolution of the absorption (a) and the PL (b) spectra as
well as values of the Stokes shift (c) of CdSe NCs during their
alternate shelling with CdS and ZnS forming the CdSe/CdS/ZnS/
CdS/ZnS structure. The inset in panel b shows PL color evolution
(samples under UV light) during the shelling. (d) PL spectra of the
initial CdSe and the final multishell NC structure (plotted on energy
scale and superposed to match the peak maxima in the same point)
clearly demonstrating that the fwhm was not broadened (0.125 eV for
the initial CdSe NCs vs 0.118 eV for the final NC structure).

after the addition of the first hal-ML, CdSe/S*", the first
electron transition peak in the absorption spectrum broadens
and shifts to shorter wavelengths most probably due to a partial
surface etching of the CdSe core. Although addition of the Cd**
layer leads to a remarkable red shift of the peak, its maximum is
still blue-shifted relative to that of parent CdSe NCs. Only after
adding the second ML (ZnS) one can see a small shift of the
absorption maximum to longer wavelengths continued by
depositing the third and the fourth shell layers. Despite these
unpredictable changes in absorption spectra during deposition
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of the first ML, the PL behaves as expected, i.e., the spectral
maxima continuously move to longer wavelengths after each
step including the first half-ML (Figure 2b). Growth of the last
fourth layer does not lead to prominent changes either in
absorption of the NCs or in their PL; the positions of both
maxima are quite close to those of CdSe/CdS/ZnS/CdS NCs.
Apparently, the main changes in absorption spectra, and
namely in their shape and positions of the first and the second
electron transitions, occur upon addition of the first two s+
layers, when communication between the outer shell layer and
the core is most efficient.

Thus, on the example of the formation of CdSe/CdS/ZnS/
CdS/ZnS alternated shell structure starting from 3.3 nm CdSe
cores, we demonstrate a fine control over the emission
wavelength from green-yellow (4., = 567 nm) to orange-red
(Amax = 608 nm) during the growth of either CdS or ZnS shell
layers (Figure 2b). The positions of the PL maxima of the other
heterostructured NC samples are summarized in Figure SI7.
Figure 2d presents a comparison between the PL spectra
acquired before and after the c-ALD. The spectral shape,
symmetrical profile, and the full-width at half-maximum
(fwhm) of the PL spectra can be considered as a measure of
the NC size distribution and an overall quality of the particles.
One can clearly see that the fwhm value was not altered after
the 4 ML shell growth, as compared to that of the initial core
sample (the two x-axes have been shifted for superposition of
the peaks). This observation suggests the preservation of the
standard size deviation of the heterostructured NCs under the
employed synthesis conditions, a result which is almost
unattainable by means of other shell growth techniques.*”
The data presented in Table 1 reveals that the growth process is

Table 1. Evolution of the Crystal Size Dispersion Expressed
as FWHM of the PL Spectra (in eV) for Different Shell
Compositions

/CdS/ /CdSs2/
ZnS/ /CdS3/ /ZnS/  ZnS/ /CdS2/
#ML /CdS4 CdS/ZnS /ZnS4 ZnS CdS3 CdS ZnS2
0 0.14 0.14 0.10 0.10 0.10 0.10 0.10
0.5 0.14 0.14 0.15 0.1 0.13
1 0.11 0.11 0.13 0.20 0.18
15 0.11 0.11 0.16 0.11 0.13 0.10 0.17
2 0.10 0.12 0.12 0.10 0.14 0.10 0.15
2.5 0.10 0.10 0.12 0.14 0.16
3 0.10 0.12 0.14 0.11 0.16 0.10 0.16
3.5 0.10 0.12 0.11 0.14 0.15 0.11 0.17
4 0.12 0.14 0.13 0.15 0.13 0.13 0.16

quite homogeneous, although for some shell compositions we
can notice slight broadening of the PL spectra during c-ALD.
We note that stability in polar solvents has always been a major
issue for NC storage. We noticed a good stability of our
purified NCs in MFA (g, = 182) only within weeks. The NCs
dissolved in other polar solvents, e.g., formamide, (¢, = 110)
precipitated after several hours. The surface functionalization of
inorganic-capped NCs with amines enables their colloidal
stability to be significantly enhanced as will be demonstrated for
Au/CdS core/shell NCs (see below).”

In addition to the above-discussed fine-tuning of the
absorption and emission spectra, shelling via c-ALD also
provides a means to control the Stokes shift of the quantum
dots. In the case of the CdSe/CdS/ZnS/CdS/ZnS structure,
we see the largest change in the Stokes shift (from 35 to 155

meV) upon depositing the first sulfur layer mostly due to partial
NC etching and high concentration of surface defects (Figure
2c). The Stokes shift remains quite large for the first two MLs
and then decreases by adding the third and the fourth MLs
down to 69 meV, which is still twice larger than the initial value.
As in the case of standard shelling procedures, c-ALD results in
the overall increase of the PL intensity of the quantum dots
demonstrated in Figure SI8. The value of the PL intensity
remained almost unaltered during the first ML (ZnS)
deposition, thereafter it raised upon adding the next three
CdS layers, and its intensity increased 6-fold of the starting
value for the parent CdSe NCs going through the maximal
enhancement in CdSe/ZnS/CdS2 NC heterostructure (10-fold
increase). From the graph we clearly see that PL drops after
each $?” layer deposition and goes up upon covering with Cd*".
For example, the PLQY of CdSe/CdS3/ZnS NCs was
estimated as 42%, which was much higher compared to that
of the initial CdSe NC core (17%; Figure SI9).

Figure 3 shows representative TEM images of the initial 3.8
nm CdSe core NCs and 4.5 nm CdSe/CdS4 core/shell NCs

Figure 3. TEM images taken at different magnifications of the initial
3.8 nm core CdSe NCs (A) and the resulting CdSe/ZnS/CdS3 core/
shell NCs (B).

revealing their narrow size distribution. This imaging is a good
indication of the quality of the shell growth process, which
succeeded to preserve NC size distribution, one of the major
limitations in obtaining high quality heterostructures by means
of solution-based techniques.

The powder XRD patterns of the initial CdSe and CdSe/
CdS3/ZnS NCs are presented in Figure 4. The growth of the
CdS shell with added 1 ML of ZnS resulted in a narrowing of
all reflections and their shift to larger 26 values due to smaller
CdS (ZnS) lattice constant compared to that of CdSe core
NCs. The narrowing of the reflections can be explained by a
good epitaxial contact between the core and shell materials as
well as increasing particle size after shelling.

The combination of two or more semiconductor materials in
one multicomponent structure allows us to modulate and
control NC functional properties by means of wave function
engineering.” To evaluate the degree of wave function
delocalization, we used the evolution of the 1S.—1S; exciton
transition energy during the shelling process.7’33’34 From Figure
Sa one can distinguish a greater volume extent of the electron
wave function for CdSe/CdS4 compared to that of CdSe/CdS/
7ZnS/CdS/ZnS NCs. The former structure entails the electron
delocalization across the entire core—shell particle owing to a
low energy barrier between conduction band edges of CdSe
and CdS (see Figure 1), while holes are mainly localized within
the CdSe core (quasi-Type-II band alignment). The
introduction of a thin ZnS layer (1 ML) between two CdS
layers partly decouples these two regions leading to a reduced
probability of the full delocalization of the electron wave
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Figure 4. Powder XRD patterns measured for CdSe core and CdSe/
CdS3/ZnS heterostructure NCs. The stick patterns show the standard
peak positions of the bulk wurtzite CdSe (blue; COD#9011664) and
CdS (green; COD#9008862). Note that the thin ZnS shell layer (1
ML) does not change the position of the reflections compared to
thicker CdS (3 ML).

function. Interestingly, the deposition of the same thin 1 ML
ZnS (~0.31 nm) shell directly on the CdSe core (in contrast to
the above-mentioned ZnS layer that was added on CdS layer)
provides a stronger localization of the electrons in the core
(Figures 1, Sb, and 6). This weak dependence of charge carrier
localization on both core size and the thickness of thin shell
layers (1—2 ML) is clearly observed for the other four samples
in the CdSe/CdS/ZnS system (Figures SI1—SI6). This is in
contrast to the previous results published by the Klimov group
for ZnSe/CdSe heterostructures.””*° The degree of charge
carrier localization was stated to change with the size of each
domain, i.e., with core radius and shell thickness, resulting in a
modification of the strength and nature of carrier—carrier
interactions. The latter led to the transition from standard type
I to type II and inverted type I heterostructures in ZnSe/CdSe
quantum dots. These discrepancies with the data observed in
the current work can be attributed to the larger energy offsets
between the core CdSe and the shell ZnS materials (U = 1.27
eV and UR = 0.60 eV),g’37 as compared to ZnSe and CdSe (U
= 0.86 eV and U" = 0.14 eV;™ Figure 1). This results in the
strong effect on the localization regime of the carriers in the
heterostructures. On other hand, we assume that the larger
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Figure 6. Evolution of the 1S.—1S; transition for different shell
configurations: the presence of ZnS after (left) or before (right) the
sequence of three CdS MLs dramatically changes the configuration of
the confinement potential. In the latter case, both the hole and
especially the electron are more confined, leading to a wider E g, g,
transition, i.e., to a blue shift. This effect would be valid even with an
attenuated delocalization of the hole wave function into the CdS shell.

crystal lattice mismatch between CdSe and ZnS phases can
result in the formation of dislocations, additional defects, and
interfacial strains, which directly influence the band offset and
thus exciton confinement which makes additional contribution
to exciton localization.®® Moreover, the presence of such
defects is likely responsible for a remarkable blue shift relative
to the initial CdSe NCs (Figures Sb, SI1, and SI4).

The subsequent CdS shell growth extends carrier delocaliza-
tion as evidenced in the gradual red-shift in the absorption
spectra (Figure Sb). As expected, the relaxation of quantum
confinement is more pronounced in smaller CdSe NCs as one
can compare the electron delocalization from the CdSe core
(3.3 nm vs 3.8 nm) into the CdS shell with the same thickness
(Figures Sa,b and SI10).

Increasing ZnS content in the shell leads to a larger energy of
the transition (lower degree of delocalization experienced by
the excited charge carriers), as depicted in Figure 7. The
samples are listed in order of increasing the total number of
ZnS monolayers within the shell, starting from the pure CdS
shell (0 MLs) to the pure ZnS one (4 MLs). Since the
incorporation of the ZnS layers causes an increase of electron
localization in the conduction band, higher values of the
transition energy are associated with a larger content of ZnS$ in
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Figure S. Evolution of the 1S,—1Sy, transition energy for different shell configurations: the presence of ZnS within the shell causes a smaller redshift
(a) and sequence of the shelling materials influences the transition energy (b).
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Figure 7. Diagram representing the value of the 1S,—1S, transition (in

eV) for seven different shell combinations: increasing the content of
ZnS in the shell leads to a smaller red-shift.

the shell and depend also on the position (distance from the
core) of the ZnS layers within the shell structure.

Our results demonstrate that it is possible to grow ZnS shells
on CdSe cores via c-ALD in a controlled manner and even to
stack multiple instances of different materials without losing
coherence and preserving the monodispersity of the starting
sample (Table 1). On the other hand, since the shell growth
takes place at room temperature, this hampers the achievement
of high PL QY in these heterostructures. Nevertheless, the
measured PL QY of the core—shell NCs reached as high as
50%. The technique has been evaluated for materials such as
cadmium sulfide and zinc sulfide, but its potential extension and
versatility to other II—VI compounds is expected, in particular,
for the development of other metal sulfide and metal selenide
compounds. Indeed, the metal acetate precursors are common
chemical reagents in the colloidal synthesis of quantum dots
while potassium (ammonium) sulfide/selenide powders are
soluble in MFA.

Two-Component Metal-Semiconductor Core/Shell
Nanostructures. The colloidal synthesis discussed above
enables semiconductor core—shell nanoscale multicomponent
structures to be prepared that combine materials with similar
functionalities. Additionally, the opportunity to integrate
components with intrinsically different characteristics (metal—
semiconductor, magnet—semiconductor, etc.) in one nanoscale
unit can open a powerful route to functional materials with
novel properties. Previously, Zhang et al.** demonstrated the
fabrication of a wide range of nanoscale heterostructures
consisting of a metal core and monocrystalline semiconductor
shell with a substantial lattice mismatch between them.
However, the method entails a number of tedious synthetic
steps strongly controlled by a Lewis acid—base reaction
mechanism. On the other hand, we see no obstacles for using
c-ALD as an alternative approach to grow a semiconductor
shell on a metallic core. Therefore, in this work, we attempted
to synthesize Au/CdS core/shell NCs using c-ALD. In a similar
manner, using self-limiting half-reactions of §*~ and Cd** on
the surface of Au NCs, we created the shell layer with varied
CdS thickness of up to 7 ML around the quasi-spherical metal
cores. However, in contrast to CdSe-based core/shell NCs, the
all-inorganic Au/CdSn NCs (n is the number of CdS shell
MLs) were found to precipitate within a few days regardless of
the shell thickness. To improve the colloidal stability of the
core/shell NCs, we adapted the technique recently developed
by our group.’” It is based on the ability of amine-

functionalized ligands to modify the labile diffusion region of
the inorganic-capped NCs. In particular, the surface function-
alization of the NCs with OlAm enables to transfer the
inorganic-capped NCs from polar (MFA) to nonpolar
(toluene) phase.

Figure 8 shows TEM images of starting 4 nm Au cores and
the hybrid-capped Au/CdS7 NCs, confirming the formation of

Figure 8. TEM images of the Au cores and the Au/CdS7 core/shell
NCs.

a uniform semiconductor layer on the surface of Au via c-ALD.
During the CdS shell growth, the average particle diameter
increases from 4 to ~8.5 nm, which corresponds to a shell
thickness of approximately 2.3 nm, perfectly matching the
expected 7 ML thickness of the CdS shell layer. Interestingly,
the narrow-size distribution of centrosymmetric Au/CdS7 NCs
allowed their self-assembly into ordered structures.

CdS shell growth on gold cores has been monitored by
absorption spectroscopy during c-ALD. The localized surface
plasmon resonance (LSPR) peak gradually broadened and red-
shifted with increasing CdS shell thickness (Figure 9a).
Particularly, the LSPR maximum shifted from 512 nm in bare
Au NCs to 618 nm in Au/CdS7 core/shell NCs. Such behavior
can be explained by the increase of the effective dielectric
constant around plasmonic NCs with increasing shell thick-
ness.”” The enhanced plasmon—exciton interaction can lead to
the spectral broadening of the LSPR. The increased absorption
cross-section at energies higher than the CdS band gap (~510
nm) is consistent with the formation of a CdS shell, as one can
clearly see already for Au/CdS3 NCs. The presence of the
LSPR peak after the deposition of the multiple shell layers is a
clear indication that gold cores have preserved their integrity
during the process, irrespective to the amount of the shell
formed.”” No light is emitted by gold—cadmium sulfide core—
shell structures, as the Au Fermi level lays below the CdS
conduction band that promotes the charge transfer toward the
metal core causing the quenching of the emission of this
structure.*’

The XRD patterns revealed the presence of characteristic
reflexes of fcc Au and hexagonal CdS phases (Figure 9b). The
larger fraction of CdS in Au/CdS7 than in Au/CdS3 NCs is
reflected in the enhanced intensity of (100) and (101) as well
as (112) peaks at 20 = 24.9° 26 = 28.2° and 20 = 51.9°,
respectively. This opportunity of the formation of the highly
crystalline shell layers around the core NCs with large lattice
mismatch at room temperature opens up new perspectives for
the c-ALD approach to synthesize diverse heterostructures with
tunable compositional complexity and properties.

B CONCLUSIONS

Complex multifunctional nanoscale materials with similar and
different properties were successfully synthesized using the c-
ALD technique. All core—shell multicomponent nanoparticles
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Figure 9. (a) Absorption spectra of the initial Au core (with diameter
of ~4 nm) and core/shell Au/CdS NCs with varied shell thickness
functionalized with oleylamine and dissolved in toluene. The spectra
are normalized by the LSPR maxima and vertically shifted for clarity.
The inset shows a full spectrum of the Au/CdS7 NCs demonstrating a
clear absorption of the CdS shell (a shoulder between 400 and 450
nm) and a photo of the NC dispersions. (b) Powder XRD patterns of
the Au core, Au/CdS3, and Au/CdS7 core/shell NCs exhibiting all
reflections expected from the fcc Au and wurtzite CdS crystal
structures. The stick patterns show the standard peak positions of the
bulk Au (bottom red sticks, COD#9012953) and CdS (top blue sticks,
COD#9008862).

preserve the narrow size distributions, phase crystallinity, and
shape homogeneity of the initial NCs. Particularly, uniform
layers of CdS and ZnS semiconductor shells were epitaxially
grown on CdSe semiconductor cores with different shell
combinations leading to an unprecedented control of optical
properties of these heterostructures. The shell growth of the
CdS semiconductor phase on a metal Au core was additionally
demonstrated, implying the general applicability of the method
to synthesize complex structures with substantial lattice
mismatch. The results presented in this work demonstrate
great potential for creating functional materials with new
properties for practical applications.
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