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ABSTRACT: Cation exchange is known to occur during the
synthesis of colloidal semiconductor heteronanoparticles, affecting
their band gap and thus altering their optoelectronic properties. It is
often neglected, especially when anisotropic heterostructures are
discussed. We present a study on the role of cation exchange -
inevitably occurring during the growth of anisotropic dot-in-rod ; 3 § § § § A
structures consisting of a spherical ZnSe core enclosed by a rod-

shaped CdS shell. The material combination exhibits a type-II band alignment. Two reactions are compared: the shell-growth
reaction of CdS on ZnSe and an exchange-only reaction of ZnSe cores to CdSe. Transmission electron microscopy and a
comprehensive set of optical spectroscopy data, including linear and time-resolved absorption and fluorescence data, prove that
cation exchange from ZnSe to CdSe is the dominant process in the initial stages of the shell-growth reaction. The degree of cation
exchange before significant shell growth starts was determined to be about 50%, highlighting the importance of cation exchange
during the heteronanostructure growth.

B INTRODUCTION
S ‘ S5 Q
Colloidal semiconductor heteronanostructures have great 80,

. . . . . i h
potential for optoelectronic devices because of their high cation exchange

quantum yields (QYs), tunable emission wavelengths, and
variable fluorescence lifetimes.'™” In a classical core/shell H l

nanostructure with a type-I band alignment, the larger band

gap of the shell enclosures the smaller band gap of the core and ZnSe/CdS CdSe/CdS
thus passivates the core.” '" In a type-II nanostructure, the ! M
conduction band (CB) and valence band (VB) are staggered, e —
which leads to a spatial separation of electrons and holes above “ “
the heterointerface. This results in large Stokes shifts,'' "3 long == e
fluorescence lifetimes,H’ls and the fluorescence switchability Figure 1. Schematic band alignment of (a) ZnSe/CdS and (b) CdSe/
upon external stimuli like external fields.'®™" Moreover, type- CdS dot-in-rod nanostructures. The offset of the conduction band is
I heterostructures are of great interest for photocatalysis lowered when Zn*" ions are exchanged by Cd”* ions. This changes the
because of their intrinsic property to spatially separate band alignment from type-II to type-I.

15,20,21

photoexcited charge carriers.
The material system ZnSe/CdS exhibits a type-II band
alignment, as sketched in Figure la. It has been shown to be
suitable for the synthesis of heteronanostructures of different
shapes, like spherical core—shell nanocrystals,”** tetrapods,24
dumbbells,”* or dot-in-rod structures.'”' Since in this system,
both materials consist of different cations, cation exchange can
occur during the nanostructure synthesis. In fact, ZnSe and
CdSe are fully miscible and are known to be exchangable.”*~** Received:  October 30, 2022 ""s -
For spherical ZnSe-core/CdS-shell nanocrystals, Boldt et al. Revised:  December 13, 2022 -
showed how the optical properties can be adjusted by Published: January 31, 2023
controlled interdiffusion of cations across the heterointer-
face.”””> Compared to spherical structures, anisotropic ZnSe-
dot/CdS-rod nanostructures exhibit additional degrees of

freedom for designing their optical properties due to the
expanded delocalization of charge carriers. Since the synthesis
of a rod-like CdS shell around a ZnSe core is typically
performed in an excess of Cd ions, these can partially exchange
Zn ions such that Zn,_,Cd, Se cores are formed. Since CdSe/
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Figure 2. (a—g) Representative TEM images of (a) ZnSe core sample and (b—g) aliquots of the growth series, belonging to reaction times as
noted. Scale bars: 25 nm. (h) Sizes of the length, rod diameter, and bulb diameter (if distinguishable) as determined by TEM vs the sample
number. Lines connecting data points are guides to the eye.

CdS exhibits a type-I band alignment, as depicted in Figure 1b, trioctylphosphine (TOP). For the growth series, these ZnSe

the successive exchange of ZnSe to CdSe in the core material cores were dispersed in a mixture of sulfur and TOP (S/TOP)
eventually leads to a transition from a type-II structure to a and hot-injected into a Cd precursor solution. The amount of
type-l structure. During cation exchange in particular, the the Cd precursor determines the CdS shell length. In our case,
conduction band edge is lowered, as sketched in Figure 1. the ratio of Cd ions from the precursor to Zn ions from the
Therefore, understanding the growth mechanism and the role ZnSe cores was 32:1. For the exchange series, the reaction
of cation exchange in the synthesis of ZnSe/CdS dot-in-rod conditions were absolutely identical except for using plain
structures is not only of fundamental interest but also needed TOP instead of S/TOP. For both series, after certain reaction
to tailor the optoelectronic properties of such heterostructures. times between 10 s and 8 min, six samples were taken from the
A major step in this direction was performed by Dorfs et al,, solutions for their later investigation. Thus, in the growth
who directly coated ZnSe cores with the anisotropic CdS shell. series, Cd and S were present in the reaction solution, allowing
They observed that the shell gI'OW'th is slow in the first 40 s of CdS to be formed, while in the exchange series, only Cd and
reaction time but increases thereafter so that the complete rod- no S was present.
shaped shell is formed after 120 s. The realization of type-II Investigation by Transmission Electron Microscopy.
heterostructures was proven based on spectroscopic data, but Figure 2a—g shows representative TEM images of the original
the possibility of cation exchange in the core material was not core sample and of aliquots of the growth series, from which
taken into account.!®%’ changes in size and shape during the reaction time can be
In a different work, Hewa-Kasakarage et al. first coated deduced. The ZnSe cores exhibit a spherical shape with a
spherical ZnSe cores with two to three monolayers of a diameter of about 3 nm. The particles of the aliquots appear to
spherical CdS shell before an anisotropic CdS shell was grown. be spherical in the early reaction, up to about 120 s of reaction
The growth process was monitored, but cation exchange or time. After 240 s of reaction time, an anisotropic shape is

; s 16
1nterd1ffus1on was not ad.dressed. ) evident. One end of the rod is thicker than the other and is
' In this work, we investigate the syn.the51s of ZnSe/CdS d.ot— presumably the location of the ZnSe core."*

in-rod nanostructures in particular with respect to the cation Figure 2h summarizes the sizes of the particles at the
exchange. We .monitored the growth‘ of an anisotropic Cds different reaction stages as determined by TEM. Almost no
shell.on sPherlcal ZnSe cores by jcalgng aliquots at different increase of diameter occurs in the first 60 to 120 s of reaction
reaction times to perform transmission electron microscopy time. The rod growth is observable only for longer reaction

(TEM) . as well as stead}'-state and time-resolved UV/vis times, leading to a rod length of about 22 nm after 480 s of
absorption and photoluminescence (PL) measurements. In reaction time.

addltlon, }‘:’ e performed Cl? ntr;)ll e}}l(pﬁrlmentﬁ mn K}Q{Ch d only Even though the TEM images in Figure 2 are the best ones
Eatéorilexc ange car}ll occur Utdt eds he dgrov'vt 1s i 1te. .V}\:e that were obtained during this study, the contrast is very weak.
bn ,t fit cat;or}ll exlcl ﬁnge 151}? ee t € (]))mlna.srg';rofce}?s 1'n_t_e1 This is because of the organometallic cadmium phosphonate
egmnng o the shell-growth reaction: about %0 the mnitia precursor, which is used as the cadmium source during the
Zn ions in the core are exchanged by Cd ions before a . . .
o ) X reaction. At early reaction stages, the unreacted cadmium
significant CdS shell has been formed during the reaction. S . .
precursor is still present in the samples. It is known that

cadmium phosphonate forms polymeric layered struc-

B RESULTS AND DISCUSSION tures.”" "> This unreacted polymer precipitates in the cleaning
Pairs of sample series are investigated, which consist of the so- procedure of the aliquots, when a polar solvent is added to
called growth and exchange series, respectively. For each series, precipitate the nanoparticles. Thus, the particles are trapped in
the starting point for the synthesis is pre-synthesized ZnSe core the cadmium phosphonate polymer’® and cannot be separated.
nanocrystals from the same batch dissolved and stored in The cadmium phosphonate complex shows low solubility and
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Figure 3. (a,b) Linear absorption and PL spectra of the (a) growth and (b) exchange sample series. Absorbance spectra are normalized to the first
excitonic feature. Excitonic absorption maxima are marked with arrows and symbols. Dashed spectra correspond to the solid spectra of the same
color divided by 15. (c) Position of all absorption and emission features marked in (a) for the growth series (squares) and (b) for the exchange
series (triangles) vs the sample number. Lines connecting data points serve as guides to the eye.

melts only above 250 °C.*"** It produces high noise in TEM
images and X-ray diffraction patterns, which hinders any
further studies using high-resolution TEM, including high-
resolution energy-dispersive X-ray spectroscopy, or X-ray
diffraction.**~*

Hence, in the following, we present a detailed study of the
changing optical properties of particles in solution to further
investigate the different stages of the reaction.

Linear Absorption and PL Measurements. Figure 3
shows UV/vis absorption and PL spectra of all aliquots of (a)
the growth series and (b) the exchange series. All spectra are
normalized to their corresponding intensity of the low-energy
transition.

The absorption spectrum of the core solution [given in
panels (a) and (b)] shows the ground-state excitonic transition
at a wavelength of about 392 nm (marked by a red arrow) as
well as higher energy transitions at shorter wavelengths
(marked by blue and dark yellow arrows). The PL emission
is centered at about 399 nm; thus, the Stokes shift can be
calculated to be 56 meV.

Regarding first the aliquots of the growth series (Figure 3a),
the general shape of the UV/vis absorption spectra resembles
that of the core spectrum with their features being
continuously red-shifted until a reaction time of 60 s. After
that, a strong absorption below 475 nm dominates the spectra,
while the lowest excitonic transition at larger wavelengths (red
arrows) remain visible as a shoulder. The PL emission is also
shifting to the red with increasing reaction time. The Stokes
shift abruptly increases already for the first aliquot to 175 meV
and stays rather constant for longer reaction times. The red
shift of the excitonic peaks both in absorption and emission
cannot be explained by the growth of a CdS shell around the
ZnSe core accompanied by a type-II band alignment between
the core and shell material because according to TEM, no
significant increase of particle diameter was observed for early

1240

aliquots. Hence, this suggests that this initial red shift is not
caused by CdS growth but by cation exchange from ZnSe to
CdSe. The increase of absorption below 475 nm for long
reaction times could then be explained by the formation of
CdS during the reaction (bulk band gap of CdS: 2.44 eV,
corresponding to S00 nm).

To validate the assumption of the cation exchange being
responsible for the red shift at early stages, samples from the
exchange series were taken at the same reaction intervals and
investigated by UV/vis absorption spectroscopy and PL
spectroscopy. Corresponding spectra are shown in Figure 3b.
Similar to the growth series, the lowest excitonic transition
(red arrows) continuously shifts to the red with increasing
reaction time. In addition, the PL peak also shifts to longer
wavelengths, while the Stokes shift again stays nearly constant
over the reaction time.

Since for the exchange series no sulfur precursor is present
during the reaction, a CdS shell growth can be ruled out. Here,
the cation exchange reaction from the original ZnSe core
nanocrystals (bulk band gap of ZnSe: 2.73 €V) to intermixed
Zn,_,Cd,Se (bulk band gap of CdSe: 1.76 eV) can be the only
reason for the observed red shift.

Figure 3¢ compares the position of all absorbance features
marked by arrows in Figure 3a,b as well as the PL peaks of
both the growth and exchange sample series. The horizontal
axis gives the sample number, which is a non-linear
representation of the reaction time. Noticeably, the excitonic
ground-state absorption, a higher-state absorption, and the PL
emission wavelength behave very similarly for both sample
series up to a reaction time of about 60 s. Major differences of
the absorption and emission wavelengths between growth and
exchange series are only visible for reaction times longer than
60 s.

The similarity of absorption and emission wavelengths
between the two series of samples for reaction times smaller 60

https://doi.org/10.1021/acs.chemmater.2c03278
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s suggests that similar processes take place during their
reactions. Since cation exchange from Zn to Cd is the only
possible process that explains the observed red shift for the
exchange series, this process seems to be dominant also in the
early stages for the growth series. The difference in absorption
and emission wavelengths for reaction times longer than 60 s
reveals that a fundamentally different process occurs for the
growth series as compared to that for the exchange series. We
attribute this to the growth of a CdS shell around the core
nanocrystals that were originally ZnSe and were (partially)
cation-exchanged to Zn,; ,Cd,Se in the earlier course of the
reaction.

Estimating the Degree of Cation Exchange. 1t is of
importance to estimate the degree of cation exchange that
occurred during the reactions as it determines the final CB and
VB profiles. Hence, two independent methods were used to
quantify the degree of cation exchange.

First, the composition of a final ZnSe-dot/CdS-rod sample
after completed rod growth was determined by elemental
analysis using inductively coupled plasma mass spectrometry
(ICP—MS). Here, we determined the Zn to Se ratio since both
ions are present in the initial ZnSe core and only Zn is partially
exchanged to Cd. The ratio of Zn to Se in the final dot-in-rod
structure was found to be 0.5:1. In comparison, pure ZnSe
cores before rod growth show a ratio of Zn to Se of 1.2:1.
Hence, about 50 to 60% of the Zn ions of the original ZnSe
core nanocrystals are exchanged by Cd ions in the final dot-in-
rod structure.

Second, the exciton energy for spherical Zn, ,Cd,Se
nanocrystals was calculated in dependence of x within the
effective mass approximation including the direct Coulomb
interaction. The Schrodinger and Poisson equations were
numerically solved in an iterative way using the commercial
software COMSOL Multiphysics, following the procedure
reported by Panfil and co-workers.”>*° Importantly, for the
calculations, we assumed a spatially homogeneous alloy within
the nanocrystals. This assumption is justified by the work of
Groeneveld et al,, who reported on homogeneous alloying of
even slightly larger ZnSe nanocrystals in a Cd cation exchange
reaction already at much lower reaction temperatures of 240
°C within 60 s of reaction time. It was demonstrated that the
rate-limiting steps in the exchange reaction are the processes
on the nanocrystal surface and not the diffusion of Cd ions
within the crystal, resulting in a fast homogeneous distribution
of cadmium and zinc ions at high temperatures.”® Homoge-
neous alloying in cation-exchanged Zn, ,Cd,Se nanocrystals
has also been reported by Zhong and co-workers.”” One might
assume that lower temperatures during the synthesis lead to
inhomogeneous alloying. However, we found that already at
temperatures of 250 °C, no growth of the rod-like CdS shell
occurs.

Figure 4 shows the calculated change in exciton energy AE
of alloyed Zn,_,Cd,Se nanocrystals for varying x compared to
the exciton energy of pure ZnSe nanocrystals. For the
calculation, a nanocrystal diameter of 3.16 nm was assumed,
as estimated from the measured excitonic UV/vis absorption
energy.”® The calculations reveal that increasing the amount of
Cd from pure ZnSe to pure CdSe in alloyed nanocrystals
decreases the exciton energy by about 0.9 eV. This decrease
would correspond to a red shift of the absorption and emission
energies. The horizontal lines in Figure 4 represent
experimental values of the red shifts after certain reaction
times as determined from the emission spectra of the exchange
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Figure 4. Calculated change in exciton energy of spherical
Zn,_,Cd,Se nanocrystals with respect to that of pure ZnSe
nanocrystals. The dashed line represents a continuous fit for the
discrete data points. Horizontal lines represent energy shifts as
measured in PL experiments of the exchange sample series (cf. Figure
3b). Points of intersection with the fit function give values of the
estimated amount of Cd within the respective nanocrystal sample. In
the inset, the x determined in this way is plotted against the
corresponding sample number.

series shown in Figure 3b. From their intersections with the
dashed line, which connects calculated data points, corre-
sponding values of x can be estimated. As summarized in the
inset of Figure 4, x increases rapidly within the first seconds of
the reaction. After 10 s, already roughly 45% of Zn is
exchanged by Cd. After 30 s of the exchange reaction, x has
increased to approximately 50%.

Both the estimated degree of cation exchange in the readily
prepared dot-in-rod sample and the calculated degree of cation
exchange coincide well under the assumption that cation
exchange is the dominant process in the early stages of the
growth reaction before CdS shell growth starts.

Growth Model for CdS on ZnSe Cores. Figure Sa—d
illustrates the proposed reaction progression for both the
growth sample series and the exchange sample series. The
starting point for both sample series is spherical ZnSe core
nanocrystals covered with octadecylamine (ODA) ligands (cf.
Figure Sa). A solution of ZnSe cores with (growth series) or
without (exchange series) the sulfur precursor is injected into a
hot Cd precursor solution containing octadecylphosphonic
acid (ODPA) and hexylphosphonic acid (HPA). For both
sample series, it is assumed that a surface modification such as
ligand exchange takes place early after injection, where the
amines are replaced by the phosphonic acids (cf. Figure
5a,b).””*?* Experimental evidence for this ligand exchange
will be discussed later using data from time-resolved optical
spectroscopy.

For the exchange series, the only possible process that can
explain the observed red shift of the excitonic features is cation
exchange from Zn to Cd since here the reaction solution does
not contain any extra anions that could lead to a further growth
of the nanocrystals, which would be accompanied by a
decrease in quantum confinement. Comparison of the
experimentally determined excitonic energy shifts to theoreti-
cal modeling suggests that already after 10 s of reaction time,
about 45% of the Zn ions are exchanged by Cd (cf. Figure 4).

https://doi.org/10.1021/acs.chemmater.2c03278
Chem. Mater. 2023, 35, 1238—1248
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Figure 5. (a—d) Model for the comparison of growth of a CdS shell on ZnSe cores and exchange from ZnSe to CdSe. In the growth series, partial
cation exchange from ZnSe to Zn,_,Cd,Se is followed by CdS shell growth. In the exchange series, exchange of Cd into the ZnSe core leads to a
nearly fully exchanged CdSe core. (e) Potential landscape (black) and single-particle wave functions of the electron (blue) and the hole (red) in a
dot-in-rod structure with a partially exchanged Zn,_,Cd,Se core with x = 0.5.

The degree of cation exchange is visualized in Figure 5 by
partially changing the color representing the cations from blue
to red. Since the ZnSe core nanocrystals are rather small and
the reaction temperature is high, it is important to note that
the exchanged Cd ions are expected to be homo%eneously
distributed even in the beginning of the reaction.”*”

In TEM images of the aliquots of the growth series at early
reaction stages, no shell growth is evident. The great
similarities in the linear absorption and PL spectra between
the two sample series for early reaction times up to 60 s prove
that in the beginning, cation exchange is the dominant process
also for the growth series. Consequently, we assume that up to
reaction times of 30 s to 60 s, the products of the growth series
are essentially the same as those of the exchange series (cf.
Figure Sb). The modeling for the exchange series delivered a
degree of cation exchange of x = 0.5 after about 30 s of
reaction time. Subtle red shifts of the absorbance and PL
maxima of the growth series compared to that of the exchange
series suggest slight passivation of the partially exchanged
Zn,_,Cd,Se core nanocrystals by CdS (cf. Figure Sc).

For reaction times of 60 s and larger, the positions of
absorbance and PL features begin to diverge sharply between
growth and exchange series. For the growth series, the
pronounced red shifts of the lowest-energy excitonic features
in PL and absorption are the result of CdS shell growth on
partially exchanged Zn,; ,Cd,Se cores, drastically altering the
quantum confinement within the nanostructures (cf. Figure
Sc,d). With the formation of the complete shell, further cation
exchange should be slowed down because the thermodynami-
cally preferred composition of Zn,;CdysSe has already been
reached” and the higher stability of zinc phosphonate than
that of cadmium phosphonate is not a driving force for
exchange after shell deposition.”® Results of the elemental
analysis revealed a Zn/Se ratio of 0.5, which coincides well
with the estimated x of the exchange series after about 30 s of
reaction time. The growth of the CdS shell for long reaction
times in the growth series is also evident by the increase of
absorbance in the wavelength range of 475 nm (cf. Figure 3a),
which corresponds to the CdS bulk band gap plus confinement
energy, where the latter decreases for increasing reaction time.

It is striking that the CdS shell growth does not start directly
upon injection of the ZnSe cores into the precursors. We
attribute this to the higher reaction speed of the cation
exchange reaction in the beginning than that of the shell
growth. Cd ions are initially consumed for exchange until the
exchange rate decreases due to the higher cadmium amount in
the Zn,_,Cd,Se core. Thus, the growth becomes more likely.

1242

Anisotropic growth of the shell is promoted by high reaction
temperatures, which lead to the growth of CdS in the wurtzite
phase. It is further supported by the combination of
phosphonic acids as ligands that passivate unpolar side facets
better than polar basal facets."'

For the exchange series, for reaction times larger than 60 s,
an ongoing cation exchange reaction is assumed until
ultimately the former ZnSe core nanocrystals have completely
transformed to CdSe (cf. Figure 5d). A complete exchange can
be expected after reaction times of several minutes (cf. Figure
4). It is worth noting that we observed degradation in the
exchange series of different sample pairs for long reaction
times. We attribute this to the rapid exchange from smaller
Zn* to bigger Cd**, which might introduce defects.”® The
details are beyond the scope of this study as it is not the main
process in early reaction stages.

Figure Se shows the CB and VB profiles along the rod axis
for the final dot-in-rod sample. It has been calculated assuming
a partially exchanged homogeneous Zn;_,Cd,Se core with x =
0.5, as determined by ICP—MS, surrounded by a CdS shell.
The values for the effective masses, band gaps, and offsets were
taken from refs 42 and 43. Further details can be found in
Table S1. The potential landscape exhibits a clear type-II
character with staggered bands. We calculated the single-
particle electron and hole wave functions within such a
potential assuming a core diameter of 3.16 nm, according to
the initial ZnSe core size, and a shell geometry as obtained
from TEM, that is, a length of 22 nm and a diameter of 4.77
nm (cf. Figure 2). Results are also shown in Figure Se,
illustrating the type-II-induced spatial charge separation, with
the hole being localized in the core and the electron being
delocalized within the shell. Calculations for dot-in-rod
heterostructures with ZnSe and CdSe cores for comparison
are shown in the Supporting Information.

In the following, we discriminate between type-II band
alignment and type-II and quasi-type-II behavior. The band
alignment is dependent on the composition of the core and
shell materials, and the behavior is determined by the band
alignment and the size of the core and shell. Particles with thin
CdS shells exhibit type-II band alignment with the hole being
confined in the core. The electron is being delocalized over the
whole particle because it cannot be exclusively confined within
a thin shell, which is ultimately referred to as quasi-type-II
behavior. The type-II band alignment leads to a significantly
decreased electron—hole overlap as soon as the shell thickness
or length increases such that the electron effectively avoids the
core region, which is called type-II behavior. As long as no
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maximum bleach. The absorption features are marked with arrows and symbols. All samples were excited with a wavelength of 330 nm =+ 20 nm.
(c) Position of TA bleach features marked in (a) for the growth series (squares) and (b) for the exchange series (triangles) vs the sample number.
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series. Symbols represent measured data, and solid lines represent the monoexponential fits. (c) Rise time , and (d) decay time 7 vs the sample
number extracted from (a) and (b) for the growth (blue squares) and exchange (green triangles) series.

shell growth occurs, no kind of band alignment can be assigned
to the alloyed core-only particles.

Time-Dependent Optical Spectroscopy. Time-depend-
ent optical spectroscopy was performed to work out differences
in the exciton dynamics during cation exchange and
subsequent growth of the elongated CdS shell. It gives insights
into the charge carrier separation due to the type-II band
alignment of the final sample as well as of late reaction stages.
Transient absorption (TA) spectroscopy is able to resolve
ultrafast exciton dynamics in the picosecond regime, whereas
exciton dynamics on the nano- to microsecond timescale are
addressed by fluorescence lifetime measurements.
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Transient Absorption Spectroscopy. TA measurements
were performed with a pump wavelength of 330 nm =+ 20 nm,
which leads to an excitation far above the band gap of the core
particles. We used a constant and rather high pump fluence to
compensate for small absorption cross-sections of early
particles and to achieve acceptable signal-to-noise ratios that
are decreased by scattering on cadmium phosphonate
polymeric impurities, as already mentioned above. Further
details are given in the Experimental Section.

Figure 6 shows normalized TA spectra of all samples of (a)
the growth series and (b) the exchange series. The spectra
correspond to pump—probe delay times between 1 and 3 ps,
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where the respective ground-state exciton transition (marked
by red arrows) reaches its maximum bleach. All spectra are
normalized to their feature exhibiting the strongest bleach,
respectively.

Generally, the features that are observed in the linear
absorption data in Figure 3a,b can also be seen in the TA
spectra. The TA spectra better allow us to identify higher-state
exciton transitions in particular for samples belonging to long
reaction times, for which the UV/vis spectra are masked by
scattering and detector saturation.

Figure 6¢ compares the position of all TA features marked
by arrows in Figure 6a,b of both the growth and exchange
sample series. Like in Figure 3c for the linear absorption, for
reaction times up to 60 s, the TA bleaches occur at similar
wavelengths for both sample series.

Starting at roughly 60 s, distinct differences occur. The
energy needed to excite the ground-state exciton for the
growth series shifts more strongly to the red than for the
exchange series. Additionally, for the growth series, a more
complex signature in the bleach signals of higher-state
transitions occurs, best visible in the spectrum of the 60 s
sample (marked dark blue and dark yellow).

In contrast, the exchange series exhibits only one higher-
state transition bleach signal in the corresponding wavelength
regime (light-blue triangles), which red-shifts similarly to the
ground-state exciton transition bleach of the exchange series.
Overall, also, the TA spectra reveal that the reaction processes
in both sample series are similar for short reaction times,
before the CdS shell growth starts after about 60 s of reaction
time.

Figure 7ab shows the picosecond TA dynamics at the
position of the ground-state exciton (red arrows Figure 6a,b)
for samples of the growth and exchange series, respectively.

In the following, two parameters that describe the transients
are discussed: (i) the time required to reach the maximum
bleach, here called the rise time t, and (ii) the decay time 7 of
the fastest dynamic, determined by fitting a monoexponential
decay that starts shortly after the intensity maximum to avoid
artifacts from the liquid-phase sample.”* Details are given in
the Supporting Information.
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In Figure 7c, t, values for the growth (blue squares) and
exchange (green triangles) series are given versus the sample
number. The rise time is the shortest for the core sample and
tendentially increases with the sample number, that is, reaction
time. For reaction times up to 60 s, t, behaves similarly for
both sample series. For a reaction time of 60 to 120 s, t,
drastically increases for the growth series, while it only slowly
increases for the exchange series. The general increase in rise
time with increasing reaction time seen in the exchange series
and in early samples of the growth series is congruent to the
previously discussed red shifts of the ground-state exciton
transition energies during the cation exchange. Since the TA
experiment was conducted with constant pump power and,
more important, constant pump energy, the relaxation time to
the probed ground-state increases for every sample.*> The
strong increase of t, for the growth series can be explained with
the growth of a shell during the reaction. Due to shell growth,
type-Il band alignment is achieved. With increasing shell
thickness or length, the behavior changes from quasi-type-II to
type-II. Photoexcited charge carriers need to separate across
the interface of the core—shell structure and relax down to the
ground-state exciton, which increases the rise time.

Figure 7d shows the decay times 7 versus the sample
number, determined for the growth (blue squares) and the
exchange (green triangles) series. The decay time 7 as analyzed
here represents very fast multi-exciton decay channels, which
are governed by Auger recombinations. There is a considerable
shortening of 7 between the core sample and the first aliquots
of both series, which is most likely caused by surface
modification upon injection of the cores into an excess of
phosphonic acid ligands and Cd ions***” (cf. Figure Sa,b).

The most prominent feature of the data is the strong
increase of 7 at a reaction time of 120 s only within the growth
series. The increase can be explained with the initial growth of
the CdS shell and its transitioning into a rod-like shape on the
core nanocrystal. For nanoscaled systems it has been shown
that the increase in volume reduces the Auger recombination
752 Here in particular, the emerging type-II behavior
results in a lower wave function overlap, additionally reducing
the Auger rate. For longer reaction times, the decay time 7
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slightly decreases. This might be explained by the fact that as
the length of the rod-shaped shell of the nanocrystal increases,
not only the absorption but also the possibility of charge
carrier trapping at the rod surface increases.””">® Charge
carrier trapping and trap-assisted Auger recombination have
been shown to decrease the Auger lifetime of the ground-state
bleach.*”**=>7

Fluorescence Lifetimes and Quantum Yield. Figure
8a—d shows fluorescence decay curves, which were measured
on a second pair of sample series with a slightly smaller core
size (see the Supporting Information for details of the sample
set and the Experimental section for details of the measure-
ment).

The decay for the ZnSe core sample is much faster than for
all other samples of both the growth and exchange series. The
main reason for this must be the different surface composition
of the ZnSe core nanocrystals compared to that of aliquot
samples of the growth and exchange series upon injection of
the cores into the mixture of Cd ions and phosphonic acids (cf.
Figure Sa,b), leading to less non-radiative components and
thus longer fluorescence lifetimes. Comparing the fluorescence
decay curves of all aliquots with each other, it is noticeable that
they are similar overall, and only in the growth series, the decay
curves of the aliquots extracted after reaction times of 60 and
120 s reveal a considerably faster decay.

All fluorescence decay curves of the aliquots are strongly
multi-exponential. A detailed analysis of the exact decay
behavior is beyond the scope of this work. Here, we use a
weighted average fluorescence lifetime as described in the
Supporting Information to better compare the different decay
dynamics.

Figure 8e shows the average fluorescence lifetime versus the
sample number. Comparing the growth and the exchange
series, differences in the lifetimes occur for reaction times of 60
and 120 s, where the lifetime significantly drops. The thin CdS
shell leads to type-II band alignment with quasi-type-II
behavior, in which the electron is delocalized over the whole
particle. The decrease of the PL lifetime was reproducible
between different, independent syntheses.

This behavior again suggests that the reaction processes in
both sample series are similar for short reaction times, before
the CdS shell growth starts at about 60 s of reaction time in the
growth series. It is difficult to unambiguously assign the
shortening of the average lifetime to its underlying physics.
The decay curve reveals that fast processes lose their impact
while medium-fast processes get faster and more dominant (cf.
Table S3 for individual amplitudes and decay times). For the
growth series, reaction times of 240 and 480 s lead to an
increase of the average lifetime. This increase can be explained
by an effective spatial charge carrier separation in the type-II
heteronanostructure, with the hole trapped in the core and the
electron localized within the elongated shell (cf. Figure Se).

Figure 8f shows the fluorescence QY versus the sample
number for the above discussed pair of sample series. Details of
the experiments can be found in the Experimental section. The
QY increases from below 1% for ZnSe cores to 7% after 10 s of
reaction time in both the growth and the exchange series,
which corresponds to less non-radiative decays compared to
ZnSe cores. It increases further with increasing reaction time
for the growth series, reaching a maximum of about 35% for
the 60 s sample before decreasing again. The exchange series
does not exhibit a strong change in the QY. Comparing both
series, again, similar behaviors at small reaction times and
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significant differences after about 60 s of reaction time can be
seen, the latter of which can be explained by the formation of a
shell in the growth series.

Remarkably, the maximum of the QY is already reached after
60 s of reaction time for the growth series, which coincides
with the shortest average fluorescence lifetime. This can be
rationalized by a suppression of fast non-radiative decay
channels, but it also shows the complexity of underlying
exciton dynamics. The decreasing QY for very long reaction
times in the growth series can be explained by additional non-
radiative decay channels introduced by an increasing surface
area of the growing shell.> At the same time, the average PL
lifetime increases, which might be explained by slow radiative
decay channels due to the low wave function overlap because
of the type-II band alignment. Long fluorescence lifetimes
might also be explained by hole trapping after excitation at the
large rod’s surface, which also leads to a low wave function
overlap.”!

B CONCLUSIONS

In summary, we conducted a detailed study on the growth of
an anisotropic CdS shell on spherical ZnSe-core nanocrystals.
We performed TEM and linear and time-resolved absorption
and PL spectroscopy analyses on aliquots taken during the
synthesis as well as elemental analysis of a final dot-in-rod
sample. The data were compared to results of a control
experiment, in which the cadmium precursor but no sulfur was
present during synthesis. In the control experiment, only cation
exchange from ZnSe to Zn, ,Cd,Se and no shell growth can
occur.

We found that the CdS shell growth is slow at early stages of
the reaction. By comparing linear optical spectra of the growth
and exchange series, it was proven that cation exchange is the
dominant process in the beginning of the reaction even when
the shell precursors are present. Before significant CdS shell
growth starts, about 50% of the initial Zn ions in the core are
exchanged by Cd ions, which was determined by elemental
analysis as well as a combination of PL spectroscopy and
theoretical calculations. Anisotropic growth of the CdS shell
starts not before 120 s of reaction time. Modeling of a dot-in-
rod heterostructure with an alloyed Zn,_,Cd,Se core showed a
type-II band alignment with separated charge carriers.

Time-resolved optical measurements on the sample series
fully support these findings. Increased rise times of the ground-
state excitonic bleach measured in TA spectroscopy can be
assigned to the formation of a type-II band alignment due to
the development of the shell. A strong increase of the TA
lifetime can be rationalized by the transition from spherical to
rod-shaped shell growth, while a subsequent slight decrease in
the lifetime can be attributed to charge carrier trapping, which
becomes more important for larger shells. Drastic changes in
the TA and fluorescence lifetimes in the very beginning of the
syntheses is assigned to surface modifications. A decrease in
the fluorescence lifetime, which coincides with the maximum
PL QY, can be attributed to the full passivation of the core’s
surface by a complete CdS shell.

These findings highlight that cation exchange is inevitable in
high-temperature reactions as used for rod growth on cores.
This changes the band gap of the particles in the beginning and
thus the band structure of the final particles. The reaction,
usually referred to as the growth reaction, is an exchange of
cations at early stages. The results can be transferred to other
material combinations in which different cations and anions in
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the core and shell are present. Changes in the band alignment
because of cation exchange must be considered if optoelec-
tronic properties of the heterostructure are explained based on
their band structure. Tuning the degree of cation exchange and
thus the extent of the band offset could be used to selectively
adjust the optical properties of the heterostructure.

B EXPERIMENTAL SECTION

All chemicals were used as received. ODA (>99%), trioctylphosphine
oxide (TOPO, 99%), sulfur powder (S, 99.98%), and diethylzinc
(ZnEt,, 1.0 M in hexane) were purchased from Sigma-Aldrich;
selenium (Se, 99.5% powder mesh 200) was purchased from Acros
Organics; and TOP (97%) was purchased from ABCR. Cadmium
oxide (CdO, 99.9999%) was purchased from ChemPur; ODPA
(>99%) and HPA (>99%) were purchased from PCI Synthesis.
Toluene (>99.5%) was purchased from VWR, and methanol (99.5%)
was purchased from Griissing.

ZnSe core synthesis was adapted from Cozzoli et al.>® Briefly, 7 g of
ODA was degassed at 130 °C under vacuum. At 300 °C under a
nitrogen flow, a mixture of 0.8 mL (1 M in hexane) of diethylzinc and
2.4 mL (0.33 M) of Se/TOP was injected, and the temperature was
set to 265 °C. After 30 min, small ZnSe particles were formed, and
further growth was achieved by adding 1 mL of the precursor solution
within 5 min via a syringe pump followed by 30 min of reaction time.
This cycle was repeated in total six times. The particles were cleaned
by toluene/methanol extraction and centrifugation at 40 °C to avoid
precipitation of ODA. Particles were stored in TOP in the glovebox.

The size was determined from the position of the first excitonic
maximum, and the concentration was determined using size-
dependent extinction coefficients from the literature.*®

AnisotroPic CdS shell growth was performed based on a method of
Dorfs et al.'* 3 g of TOPO, 290 mg of ODPA, 80 mg of HPA, and 60
mg of CdO were degassed at 150 °C under vacuum for 90 min and
heated to 320 °C until it became optically clear and colorless. A
mixture of 1.8 mL (2 M) of S/TOP and ZnSe cores (4 X 10~ mol)
was rapidly injected. For the exchange control experiment, S/TOP
was replaced by TOP. Samples were extracted using a syringe into
cold toluene at different time steps and purified by toluene/methanol
extraction and centrifugation at 11,000 rpm, 10 min. This cycle was
repeated three times.

Absorbance spectra were recorded on a Varian Cary 5000 UV/vis/
NIR spectrometer in the wavelength range between 300 and 800 nm
using quartz cuvettes with a 10 mm path length. The preparation was
carried out by dispersing the aliquots in toluene.

PL spectra were recorded on a Horiba Yvon FluoroMax 4 by
excitation of the aliquots in quartz cuvettes with energies above the
first absorbance maximum.

QYs were calculated in relation to the organic dye Coumarin 153.
The samples were excited at the intersection of the absorbance spectra
of the dye and sample.

Fluorescence lifetime measurements were performed using a
PicoQuant FluoTime FT300 equipped with a NKT SuperK Fianium
white light laser source. Samples were excited above the CdS band
gap. The detection wavelength was set to the maximum of the PL
spectrum with a 2.7 nm bandwidth, and repetition rates of 3.7 MHz
for ZnSe cores and 0.59 MHz for all aliquots were used.

A quantitative elemental analysis of the final dot-in-rod sample was
performed by ICP—MS on an Agilent Technologies series 7700. For
the preparation, the samples were placed in a vial, the toluene was
evaporated, and the resulting precipitate was dissolved in aqua regia
{[3:1 (v/v)] HCI/HNO;} under stirring. After 16 h, the dissolved
samples were diluted with 2% HCI.

TA spectroscopy was performed using an amplified Ti—sapphire
laser (Spitfire-Ace, 800 nm, 1 kHz, 3S fs) as an excitation source
seeding an optical parametric amplifier (TOPAS-Prime; Light
Conversion) with a frequency mixer (NirUVis; Light Conversion)
to reach the desired pump wavelength of 330 + 20 nm using a
constant power of 300. Each sample was measured using a broadband
white-light continuum with a spectral range of 310—900 nm generated
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by a 2 mm thick sapphire crystal. The diameter of the pump beam
covers around 500 ym, while the focused diameter of the probe beam
is approximately 100 ym. The samples were diluted in toluene and
filled in 2 mm thick quartz cuvettes (Hellma Analytics). A more
detailed description of the TA setup can be found in the work of
Minutella et al.>’

The quantum mechanical calculations for the exciton energies of
the Zn,_,Cd,Se dots were carried out within the effective mass
approximation based on the procedure reported by Panfil et al.*>>¢ All
equations were solved numerically using the software COMSOL
Multiphysics based on the finite element method. Further details can
be found in the Supporting Information.
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