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Abstract: We report on the preparation and structural characterization of CdSe nanocrystals, which are
covered by a multishell structure from CdS and ZnS. By using the newly developed successive ion layer
adhesion and reaction (SILAR) technique, we could gradually change the shell composition from CdS to
ZnS in the radial direction. Because of the stepwise adjustment of the lattice parameters in the radial
direction, the resulting nanocrystals show a high crystallinity and are almost perfectly spherical, as was
investigated by X-ray diffraction and electron microscopy. Also, due to the radial increase of the respective
valence- and conduction-band offsets, the nanocrystals are well electronically passivated. This leads to a
high fluorescence quantum yield of 70—85% for the amine terminated multishell particles in organic solvents
and a quantum yield of up to 50% for mercapto propionic acid-covered particles in water. Finally, we present
experimental results that substantiate the superior photochemical and colloidal stability of the multishell

particles.

Introduction

luminescence efficiend§1® and colloidal stability of the

Colloidal semiconductor nanocrystals (NCs) are of great Particles or to develop a reliable processing chemiSty.

interest for both fundamental studie$and technical applica-
tions such as light-emitting devicés? lasers’ ! and fluores-

cent label$?14 Because of their size-dependent photolumi-
nescence tunable across the visible spectr@iSe nanocrystals

However, it is generally difficult to simultaneously passivate
both anionic and cationic surface sites by organic ligands.
Therefore, dangling bonds will to some extent remain on the
surface?? To mediate this problem, several methods of inorganic

have become the most extensively investigated NCs. BesidesSurface modificsa;cion have been developed to completely pas-
: . . :
the development of synthesis techniques to prepare samples witt§ivate the NC$*24In particular, for CdSeNCs the particles

narrow size distribution¥17 much experimental work is

devoted to molecular surface modification to improve the
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were covered either with CdSor with ZnS*® to establish a
core/shell system, where the band gap of the core lies energeti-
cally within the band gap of the shell material and the
photogenerated electrons and holes are mainly confined inside
the CdSe. These core/shell NCs have been shown to be generally
more robust against chemical degradation or photo-oxidation.
Basically, there are different requirements to form “ideal”
core/shell NCs both from a crystallographic and from an
electronic point of view. First, to produce particles with high
crystallinity, the core and shell materials should have similar
lattice parameters such that the shell-growth happens in an
epitaxial manne#? without the formation of structural defects.
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4 ) lattice mismatch is the formation of particles with irregular shape
< CdS |CdSe | ZnS S;’,’,‘,;’”“‘““ and a broad size distribution upon increasing ZnS-shell thick-
o, - 304 ness’
§ -4.54 For the material combination of CdSe-cores and CdS-shells,
§ the interatomic distances are more similar and the lattice
¢ -6.04 mismatch is only 3.9%, which favors the epitaxial growfh.

o V. On the other hand, the lower band offsets with respect to the
> alence . . . . . .
E, .75+ band ZnS (see Figure 1) hamper the electronic passivation. This point
o L39%  12% of view is supported by calculations, which showed that
lattice mismatch especially the wave functions of the electrons extend well across

Figure 1. Energetic band positions and lattice mismatch of semiconductor the shell and hence the flu.olresclence quantum yield is Se!'ISItlve
material combinations used in this work. to surface effect® In addition, it was shown that the high
fluorescence quantum yields of up to 80% could only be

achieved when the particles were covered with amine ligands,

Second, the shell material should possess a much higher bangyhich bind to the surface cadmium atoms and eliminate the
gap than the core to suppress tunneling of the charge carrierssjectron trap@5

from the cores to the newly formed surface atoms of the ghell. . .
. . To combine the advantages of both shell materials, several
Both requirements are not fulfilled for the CdSe/CdS- and CdSe/ J

7S binati h i b he f , Lnethods have been propogkand even implementégito cover
nS-combinations at the same time, because the former materia anocrystals or nanorods with a combination of CdS and ZnS.

combination has s_imila_lr Igttice parameters but small banq- In this work, we present a systematic study where the composi-
offsets, while _the situation is reversed for the latter one. This 51 of the shell is gradually changed from CdS to ZnS in the
can be explained by the fact that the band-gap nVI- radial direction with atomic precision. This is possible by
sem|co_nduc_tors is given by ionic and covalent contributions. applying the newly developed SILAR (successive ion layer
Essentially, in purely ionic solids (e.g., NaCl), the valence and 4qsorption and reaction) method from the group of Peng et al.,
conduction bands are built up by the anions and cations, py which layers of different semiconductor materials can be
respectively. Here, the band gap of ionic solids is larger for grown successively around the N&$4We could reproduce
materials with higher ionicity, because the different electro- their results and used that method to prepare a new kind of
negativities lead to a higher separation of the b@fd3n the CdSe-NC with a sandwich shell-structure consisting of 2
other hand, in covalent solids (e.g., Si), the valence and monolayers (MLs) CdS followed by 3.5 MLs ZgCdysS and
conduction bands are formed by the bonding and antibonding finally 2 MLs ZnS as the outermost shell. The gZ8dsS is
orbitals, respectively. In this case, the band gap is higher atysed as a buffer layer because the band gap as well as the lattice
smaller interatomic distances, because the increased spatiabarameters can in principle be adjusted by the composition of
overlap between the orbitals leads to a stronger electronic alloyed materials, as has been shown recently foCan S
interaction and hence a larger HOMQUMO gap?® nanocrystal8s For comparison, we also synthesized core/shell
Because the ionic character within the shell materials CdS particles using the “traditional meth&e’ as well as different
and ZnS is simila?® the higher band gap in ZnS can be particles with the same overall shell thickness of CdS, ZnS, or
attributed to the smaller interatomic distance with respect to ZnCdi—S using the SILAR method. The various nanocrystals
CdS. In Figure 1, we compare the resulting lattice mismatches are compared in terms of crystallinity, size distribution,
for the core/shell NCs CdSe/ZnS and CdSe/CdS. It can be seerfluorescence quantum yield, and chemical stability. As precursor
that the band offsets for the most commonly used core/shell Materials we exclusively used metal oxides (ZnO and CdO),
CdSe/Zn% nanocrystals are as high as 0.6 eV for the valence €lementary selenium, and sulfur to completely avoid expensive
band and 1.44 eV for the conduction baayhich leads to an ~ @nd hazardous compounds.
appreciable electronic passivation. On the other hand, the lattice
mismatch between CdSe and ZnS is of the order of 12%.
Because of this large mismatch, the interface strain accumulates  chemicals. Cadmium oxide (99.99%), sulfur (99.98%, powder),
dramatically with increasing shell thickness, and eventually can tributylphosphine oxide (TOPO, 90%), zinc oxide (99.99% powder),
be released through the formation of misfit dislocations, 1-octadecene (ODE, 90%), oleic acid (OA, 90%), hexamethyldi-
degrading the optical properties of the NCs. Therefore, for CdSe/ silathiane ((TMS}S), tributylphosphine (TBP), mercaptopropionic acid
ZnS particles prepared by using the “traditional metf3dd” (MPA), and octadecylamine (ODA) were purchased from Aldrich,
(dimethyl zinc and trismethylsilane sulfide), the fluorescence di€thylzinc (ZnEj) was from Strem Chemicals, and selenium powder
quantum vyield is increasing upon growth of the first two (99.5%, 100 mesh)wgsfrom Alfa}. Tetradecylphosphonic acid (TDPA)
S . . was prepared according to the literatéfre.
monolayers, after which it slowly decreases. This is most likely
due to the fact that the lattice defects can act as trapping sites

Experimental Section
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Synthesis of CdSe Core NCSTOPO (or TOPO/ODA)-capped CdSe
nanocrystals were synthesized using standard methdéds. a typical
reaction, a mixture of 0.0514 g of CdO powder, 0.224 g of TDPA, and
4.0 g of TOPO (or 4.0 g of TOPO/ODA-mixture) in a 50 mL three-
neck flask was evacuatedrft h and heated to 32T under Ar-flow
to form an optically clear solution. The temperature was then lowered
to 270°C, and a solution containing 0.0632 g of Se dissolved in 2.0 g
of TBP was injected into the reaction flask. After the injection, the
temperature was adjusted to 250 for 1 min. After this time, the

conditions reported by Li et al}, we synthesized CdSe/zZnS, CdSe/
CdS, CdSe/ZgsCdysS, and CdSe/CdS/EBCdh sS/ZnS with a similar
diameter from the same CdSe-core particles. A typical SILAR synthesis
was performed as follows: 3 mL of ODEa@A g of ODAwere loaded

into a 50 mL reaction vessel, heated to F@under vacuum for 1 h,
and cooled to room temperature. The CdSe-NCs in hexane (3.6 nm in
diameter, 1.83x 107 mol) were added, and the system was kept at
100 °C under vacuum for 30 min to remove the hexane and other
undesired materials of low vapor pressure. Subsequently, the solution

heating mantle was removed and about 15 mL of methanol was injectedwas heated to 238C under Ar-flow where the shell growth was

at a temperature of 10@ leading to a precipitation of the nanocrystals.

performed. The choice of this growth temperature was the result of an

After centrifugation and decantation, the particles were dispersed in optimization procedure (26€260°C) where the optimization parameter

chloroform or toluene for further processing. The procedure typically

was the fluorescence quantum yield of the CdSe/ZnS core/shell particles

generates CdSe nanocrystals with the first absorption peak around 550after shell growth. To calculate the amount of Cd-precursor for the

nm, that is, with a diameter of about 3.8 nm.

Synthesis of CdSe/ZnS Core/Shell NCs Using the “Traditional”
Method. The ZnS shell growth using the “traditional method” was
performed as described previoudlyln a typical synthesis, a flask
containing 5.0 g of TOPO was heated to 1@ under vacuum for 1
h and then cooled to 60C. A defined amount of CdSe N&$®

growth of the first monolayer, we assumed that the surface of the CdSe-
cores consists equally of Se- and Cd-atoms and therefore used only
50% of the amount of calculated Cd-precursor for a complete ML.
Hence, for the “first injection”, we used only 0.19 mL instead of 0.37
mL of the Cd-precursor solution. This is followed by alternating addition
of Zn-, Cd-, or Zn/Cd-precursors and sulfur precursors, respectively,

dispersed in toluene was transferred into the reaction vessel via syringe the amount of which was calculated from the respective volumes of
and the toluene was pumped off under vacuum. The solution was heatedconcentric spherical shells with a thickness of one hypothetical

to the desired temperature (£3830°C), at which a calculated amount
of ZnEt and (TMS)S dissolved in TBP was added dropwise into the
vigorously stirred reaction mixture during a period 6f B0 min. This
stock solution should be handled with care because of the toxicity of
ZnEt and the peculiar stench of the (TMS) After the addition was
complete, the mixture was cooled to 100 and left stirring for 2 h.
Finally, the CdSe/ZnS-core/shell NCs were precipitated by addition of
methanol, separated, and redispersed for further processing.
Preparation of the Precursor Solution for the SILAR Method.
For shell growth using the SILAR meth&&we used precursor solutions
containing only metal oxides (CdO and ZnO), elemental sulfur, and
selenium. The zinc precursor solution (0.1 M) was prepared by
dissolving ZnO (0.2034 g) in oleic acid (6.18 g) and ODE (18.0 mL)
at 310°C. The cadmium precursor solution (0.1 M) was prepared by
dissolving CdO (0.3204 g) in oleic acid (6.18 g) and ODE (18.0 mL)
at 240°C. The Zn/Cd= 1/1 precursor solution (0.1 M) was prepared
by dissolving ZnO (0.1017 g) as well as CdO (0.1602 g) in oleic acid
(6.18 g) and ODE (18.0 mL) at 30T. The sulfur precursor solution
(0.1 M) was prepared by dissolving sulfur in ODE at 1&€D All of

the solutions were freshly prepared under Ar-atmosphere. The Cd-, Zn-

and Cd/Zn-precursor solutions were kept at about’@p while the
sulfur injection solution was allowed to cool to room temperature. For

monolayer. We found that a period of 10 min between each addition
was sulfficient for the reaction to be completed, because the- g/

and PL-spectra showed no further changes after this time period. The
complete coverage procedure of CdSe cores with 2 MLs of CdS, 3.5
MLs of ZnysCdysS, and 2 MLs of ZnS took abo® h in total. After

this time, the solution was kept for another 30 min at 26&nd finally
cooled to room temperature. For purification, 10 mL of hexane was
added and the unreacted compounds and byproducts were removed by
successive methanol extractibat least three times) until the methanol
phase was clear.

Preparation of the Water-Soluble NanocrystalsThe MPA-coated
nanocrystals were synthesized by the phase transfer niétinothe
following manner. The ODA-coated nanocrystals were dissolved in
about 2 mL of chloroform to give a high concentration solution (optical
density~ 2) and added under vigorous stirring to the same volume of
a water solution containing MPA. The amount of MPA was adjusted
to roughly 150% of the total Cd- or Zn-atoms on the particle surface.
After 2 h, the NCs transferred into the water phase, but the solution
was not optically clear at a pr 5—7, possibly due to interparticle

hydrogen bonding between the carboxyl functions of the ligands. To

remove excess MPA from the supernatant solution, these patrticles were
separated by centrifugation and decantation. Successive redispersion

each shell growth, a calculated amount of a given precursor solution of the particles into water at pH 10.8 yielded a clear solution.

was injected with a syringe using standard air-free procedures.
Calculations of the Amount of Precursor Solutions for Shell
Growth. The growth of core/shell nanocrystals using the SILAR

Optical Characterization. UV —vis absorption spectra were taken
with an Omega-10 spectrometer (Bruins Instruments), and photolumi-
nescence (PL) spectra were taken with a Fluoromax-1l fluorometer

method is bas_ed on aIt(_ar_nating injections of the Zn/Cd- and S-prec_ursorsUSA). Fluorescence quantum yields were estimated by comparison of
into the solution containing the CdSe-core NCs. The concentration of {ha fluorescence intensity with standard dye solutions with the same

CdSe-core NCs can be estimated on the basis of thevi/spectra’-*

optical density at the excitation wavelength and similar fluorescence

The amount of the injection solution for each monolayer can be deduced wavelength©

from a calculation of the number of surface atoms. In this paper, the

average thicknesses of one CdS-ML (0.35 nm) and one ZnS-ML (0.31
nm) are estimated on the basis of the wurzite structure of the respective
compounds. Hence, the thickness of one monolayer of the alloyed shell

(ZnosCdy 5S) is assumed to be 0.33 nm, which is consistent with reports
from the literature>3°

Preparation of the Core/Shell Nanocrystals Using the SILAR
Technique. The SILAR technique allows for growing complex shells
around a given CdSe-core partiéfedfter slightly changing the reaction

(37) Schmelz, O.; Mews, A.; Basche, T.; Herrmann, A.; MullenLEngmuir
2001, 17, 2861-2865.

(38) Yu, W. W.; Qu, L. H.; Guo, W. Z.; Peng, X. @hem. Mater2003 15,
2854-2860.

(39) Wang, W. Z.; Germanenko, I.; EI-Shall, M. 8hem. Mater.2002 14,
3028-3033.
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Transmission Electron Microscopy (TEM). A Philips EM-420
transmission electron microscope operating at an acceleration voltage
of 120 kV was used to analyze size, size distribution, and the structure
of core/shell nanocrystals. All of the samples were purified by acetone
precipitation from their chloroform or hexane solutions. The nano-
crystals were deposited from diluted solutions onto copper grids with
carbon support. The size distribution histograms for all of the samples
were obtained by analyzing more than 200 nanocrystals in each sample.

Energy-Dispersive X-ray Spectroscopy (EDX).For elemental
analysis, a Tecnai F30ST (FEI) with a field emission gun operated at
300 kV equipped with an EDAX spectrometer with a Si/Li detector

(40) Koberling, F.; Kolb, U.; Philipp, G.; Potapova, I.; Basche, T.; Mews] A.
Phys. Chem. R003 107, 7463-7471.
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Figure 2. TEM images of the plain CdSe-cores and core/shell nanocrystals obtained under typical reaction conditions: (A) TEM images of CdSe-cores
(before injection of C&" solution); (B) (A) plus 2 monolayers of CdS; (C)/(E) (B) plus 3.5 monolayers @f:Zdy sS; (D)/(F) (C) plus 2 monolayers of ZnS.

and an ultrathin window was used. The analysis was performed in the 3;3 5.'2 7;6 3;9
scanning mode with a beam diameter~af nm at room temperature. A B cl D
Powder X-ray Diffraction (XRD). Wide-angle X-ray diffraction

(WAXS) was performed with a Siemeifis-6 diffractometer (D500T)

in reflection geometry using Cud<radiation from a Siemens generator
(Kristalloflex 710 H) operating at 35 kV and 30 mA, and a graphite
monochromator. Measurements were performed irg aahge from
18° to 7C°.

Photochemical and Colloidal Stability. The photo-oxidation ex-
periments were performed under constant oxygen flow and irradiation T y
from an HBO-50 ultraviolet lamp. U¥vis and PL-spectra were 2 * : : 3 L
measured at certain time intervals after readjustment of the total volume Shssseci il
of the QD-solution. The changes of the OD and normalized PL were Figure 3. Size histograms for the series of samples shown in Figure 2. To

. ; . ._build the histrograms, the longest dimension for over 200 particles in each
used as indicators of the degradation of the nanocrystals dissolved N ample has been measured: (A) Histogram of CdSe-cores; (B) (A) plus 2

water and chloroform, respectively. The colloidal stabilities of nano- monolayer CdS; (C) (B) plus 3.5 monolayer &8¢ <S: (D) (C) plus 2
crystals were studied by repeated precipitation upon addition of monolayer ZnS. The numbers on top mark the “theoretical’ values for the
methanol and successive redispersion in chloroform until the precipitate expected diameters from geometric considerations.

could not be dissolved anymore.

with a narrow size distribution and a PL quantum yield (QY)
of more than 40%.

Reaction Conditions for Shell Growth of Different Com- To optimize the ZnS shell growth around the CdSe nano-
pounds by SILAR. To conduct a comparative study of different crystals by SILAR using ZnO and S precursors, the reaction
shell materials, the core/shell CdSe/Cd%/&Lldy 5S/ZnS nano- temperature was varied from 200 to 28D. At lower temper-
crystals and several other core/shell systems including CdSe/ature, we found that the ZnS material did not grow completely
CdS, CdSe/Z#CdysS, and CdSe/ZnS were synthesized from onto the CdSe-cores, because no red-shift of the-Ui¥ and
the same CdSe-cores with a similar overall shell thickness by PL-peak but a strong additional absorption in the UV-range was
using the SILAR method. In general, it was found that the observed. The experimental results indicated that the maximum
reaction temperature greatly affects the growth of the shell in a QY of about 50% could be achieved if the growth of the ZnS
way that seems to be different for various shell materials. For shell took place at 248C. Therefore, the SILAR growth of
example, at high temperature, the reaction of the shell materialZnS and CdS using CdO, ZnO, and S precursors can be
might lead to the nucleation and subsequent formation of performed at a reaction temperature of 245 Consequently,
particles rather than to epitaxial growth of the sigHowever, the different concentric shells were all grown under the same
using the SILAR approach, the amount of precursor needed toexperimental conditions independent of the particular shell
grow consecutive shells can be precisely calculated and thematerial.
theoretical diameter of the particles after shell growth can be  Structural Characterization. We used several techniques
compared to the real diameters from TEM (see also Figure 3).to monitor the shell growth and characterize the structure,
For the growth of a CdS-shell, Peng efatemonstrated that  crystallinity, and composition of the prepared particles. Figure
at an optimum temperature of 24C the CdS was growing 2 shows TEM images of the CdSe-core nanocrystals and several
almost exclusively onto the CdSe cores resulting in nanocrystalscore/shell nanocrystals with different shell thicknesses. In

Results and Discussion

J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005 7483
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Figure 4. (A) HRTEM image of a CdSe/CdS/38Cdy5S/ZnS nanocrystal demonstrating its high crystallinity. (B) Fast-Fourier transform of the TEM
image €rr100)= 3.77 A) shown in (A), which corresponds to the simulated diffraction pattern of the [001] crystal face of a wurzite CdSe pauitiels) (
=3.724 A) (C).

particular, the images show the core-CdSe nanocrystals after - o T 8 e

annealing at 240C for 10 min (A). The annealing process was ek T | 1 T ZnShuk
necessary because the CdSe particles were slightly elongated

after the growth process as described in the Experimental Section f \, M E

(see Supporting Information). Image B shows particles after ot R

growth of 2 MLs CdS, images C and E display the core/shell D
sample with 5.5 MLs (2 MLs CdS and 3.5 MLs &€Cdy 5S), __ﬂv\-..w i i, VRN
and finally (D) and (F) show the core/shell sample with a
coverage of 7.5 MLs (2 MLs CdS, 3.5 MLs £&Cdy 5S, and 2 __M_W%’__C_N
MLs ZnS). 3|§ ]E g g| = -'-l

The size histograms of the same nanocrystals as in Figure 2 sIF T .
are shown in Figure 3. We determined a mean diameter of 3.8 A
£ 0.30 nm for the bare CdSe-cores, which increases tat5.3
0.25 nm after coverage with 2 MLs of CdS. The coverage with
3.5 MLs of ZnsCdy sS leads to a diameter of 72 0.28 nm,
which finally is increased to 9.2 0.34 nm upon coverage with , . - -
the outgrmost shell of 2 MLs ZnS _to form the final core/shell 20 0 40 50 60 70
NCs with 7.5 MLs of shell material (2 MLs CdS/3.5 MLs 2
ZnCdi—4S/2 MLs ZnS). Obviously, the size distribution is ) ) )
narrow even though the particles are coated with 7.5 MLs of ggué%g'ef%wael_;x&%p,\?ggnlscgjfézesiﬁ: r,slrlitssgmples' (A CdSe NCs,

: nosCcosS NCs, (D)

shell material as shown in Figure 3. CdSe/2 MLs CdS/2 MLs ZyxCdo sS/2 MLs ZnS NCs, and (E) CdSe/6 MLs

A HRTEM image of a single CdSe/CdS/gZsCdysS/ZznS ~ £nS NCs.
nanocrystal is given in Figure 4A. Similarly to most of the
particles, the TEM image of this nanocrystal reveals a hig
crystallinity with continuous lattice fringes throughout the whole
particle. This particular particle is viewed along the crystal-
lographicc-direction. Correspondingly, the Fourier transform
of the image shown in Figure 4B is in almost perfect agreement

with the calculated diffraction pattern of the CdSe wurzite thgogiica:j pzak p(;ositi?ss of the_w1|Jrziteh bulk rr:jaterials of
structure, aligned along the [001] crystal face direction (Figure CdSe;” CdS and ZnS,” respectively. The powder XRD
4C). The blurry appearance at the rim of this particle (Figure pattern of the CdSe-cores (A) results form the elongated CdSe
4A) might be due to the molecular ligands cores before annealing and can be compared to the TEM image

(A) in the Supporting Information. Basically, the peak positions
We also pgrformed TEM measurements of other c_ore/shell match the theoretical values of the wurzite structure of CdSe.
samples, which have been synthesized for comparison (se

. . ®rhe peak broadening is due to the reduced size of the partfcles.
Supportmg Information). For the CdSe/6ML CdS g(%)re shell The solid line is a result of a particle size analysis based on a
Eoir::glzss,i:::e d?;ﬁgjutriﬁﬂrgg?(: OtTé rnenswui;[vshicé thi):(r:]gm ah(él Pawley-fit“ and using Scherrer’s formufawhich is consistent

. T U ’ parable i particle dimensions of 3.2 nm across the crystallographic
to the size distributions of the conjplex.sh.ells'shown in Figures a- and b-directions and 5.8 nm along thedirection and
2and 3. Qn the other hand, the size distributions for the _Cd_se/therefore in agreement with the TEM results presented in the
ZnS particles were much broader. Here, we measured dlstrlbu-SUIOIOOrting Information.
tions of 7.1+ 2.2 nm using the traditional method and &2
0.98 nm using the SILAR method. Importantly, we found that (41) Stevenson, A. W.; Barnea, Bcta Crystallogr., Sect. B984 40, 530-
the CdSe/ZnS core/shell nanoparticles synthesized by both(42) 5;(3;75’0; Lu, Z. W.; Froyen, S. Zunger, Rhys. Re. B1092 46, 10086~
methods also showed a larger number of lattice defects and™ ~ 10097.
irregular shapes. This shows that the “imperfect growth”, which (43) Saliba, S.; Mardix, Sacta Crystallogr., Sect. A983 39, 933-936.

. . . . . (44) Scientific software Cerids4.2ms ed.; Accelrys Inc.: San Diego, CA.
is obtained for thick ZnS-shelf,is not due to the preparation  (45) Scherrer, PGit. Nachr.1918 2, 98.

h method but rather related to the large difference in lattice
parameters between CdSe and ZnS.

To identify the core/shell structure, we also investigated the
crystallographic properties by powder X-ray diffraction (XRD).
Figure 5 compares the XRD patterns of several samples to the
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The diffraction patterns shown in Figure 58 result from 120 1~
particles synthesized from the annealed core particles (image Element E[f/l)]( T[h/e 10 v
B in the Supporting Information), which were covered with 6 _
MLs each of different shell materials. Sample B is covered with 904 | S 4 43
6 MLs of CdS, sample C with 6 MLs of the ggCdp sS-alloy, _ Znla, SKp, Cd, Se s 4
sample D with 2 MLs CdS/2 MLs ZCdSsS/2 MLs ZnS, | | 2 Sk, Cite, zm 30 28
and finally sample E with 6 MLs of ZnS. For all of the core/ 'g 604 | | .'Ii‘ cd 20 25
shell particles, the volume fraction of the cores is less than 10% 3 (NI g b Cdls,
of the total volume. Therefore, the XRD peak positions are much ¢3 | f f || CaL, Cul(_uém‘;?
closer to the corresponding values of the shell bulk material 304 1} 1f sets, i i ih
than to the CdSe-core material. For example, the peak positions
of curve B are close to the values of CdS and the peak widths .
are much narrower as a result of the larger particle diameter. 04 :
For samples C (Cd/zZnS-alloy shell) and D (multilayer shell), 2000 4000 6000 8000 10000
the peak positions are slightly shifted toward the bulk values Energy(eV)

of ZnS, because of the increasing amount of ZnS. Actually, the .
outmost 2 MLs of ZnS in sample D have a volume fraction of Gﬁgr(e:deéISI.ESDl\)ﬂ(LsspZe;ng 52';2"",’\1,'f;rgxsc’;:ﬁ;mg?mgzrgg ggiec'gg;r(z
about 30%, but the peak width remains relatively narrow. In grid. The inset illustrates the comparison of theoretical and experimental
contrast, the peak positions of sample E, where the CdSe coreyalues.
were covered with 6 MLs of ZnS, are close to the ZnS values,
and the peak widths are broad.

While a more detailed analysis of the diffraction patterns from
the core/shell particles is desirable, several qualitative arguments
can be raised from the data at hand. First, especially the CdS
material seems to grow without the formation of lattice defects,

because the peak widths are narrow. In a first approximation, — c c;‘,:zhrts e
we fitted the diffraction pattern of sample B with the same E +.1=MI; %
procedure as mentioned abét¥end obtained the hexagonal 2 CdyZn, S | £
lattice parametera= b = 0.4156 nm an@ = 0.675 nm. These § Ly 3
values are much closer to Cd&€ b = 0.412 nm,c = 0.668 5 £
nm) than to CdSea(= b = 0.430 nm¢ = 0.701 nm). In sample § E

peaks go along with a broad diameter distribution and irregular
particle shapes as observed by TEM. Obviously, the large lattice
mismatch between CdSe and ZnS leads to an imperfect shell
growth and a short coherence length of the diffracted X-rays,
which in turn results in broad diffraction peaks. The diffraction 450 500 550 600 650 700 750
patterns of samples C and D appear to be similar to each other
and much different from sam_ple E. The_refore’_we as_sume that Figure 7. Evolution of the absorption and photoluminescence spectra upon
even though the volume fraction of ZnS is relatively high (35% consecutive growth of the concentric shells. The spectra labeled with the
in sample C and even 58% in sample D), the shell growth still letters A-D were taken from the same samples, which led to the TEM
happens in an epitaxial manner, because the stress can bgicturesA—Din Figure 2 and the corresponding size distributions in Figure
released in the radial direction. '

To further identify the chemical composition of the particles, respondence of the theoretical and experimental values suggests
we used EDX spectroscopy in parallel and scanning mode. Thethat the individual particles have the composition assumed and
analysis has been performed with the-€@d Zn—L, S—K, and that no separated ZnS and/or CdS particles have been formed
Se-L lines with the elements C, O, Cu, and Si included in the during the shell growth.
background. To avoid the effects of drift and to reduce the  Optical Characterization. The UV—vis and PL-spectra of
contamination of the sample during measurement, we did not the core/shell nanocrystals from a typical reaction are shown
investigate a single particle but80 particles in parallel. Figure  in Figure 7. The spectra labeled with the lettersiAwere taken
6 shows the EDX spectrum of seven particles where the CdSe-from the same samples that led to the TEM picturesDAin
cores were covered with a shell composition of 2 MLs Cds, Figure 2. It can be seen that during the shell growth, the
3.5 MLs ZnsCdo =S, and 2 MLs ZnS. It can be seen that the absorption and PL-spectra shift to the red due to the larger
Se bands are almost completely hidden by the backgroundeXtenSion qf the electronic wave function leaking gut ?nto the
signal, while the other elemental bands can clearly be resolved.Shell materiaf® At the same time, the spectra maintain their
However, a quantitative analysis results in a composition of qverall shape, which is consistent with the narrow size distribu-
CthoZnsoSesus for the seven selected multishell particles tONS of the core/shell nanoc_rystals shown in Figure 3._Ac|oser
investigated. This needs to be compared to the elementall00k reveals that the absorption and PL-spectra show slight blue-
distribution as calcula_ted_ for an “ideal” core shell particle, which (46) Schoos, D.: Mews, A.: Eychitier, A : Weller, H. Phys. Re. B 1994 49,
would have the stoichiometry of Gg¥n,sSeSs;s. The cor- 17072-17078.

+1MII_CdS

Cdn.:%no.ss
|
E, where the shell consists of ZnS only, the broad diffraction \A B +1M%°ds

A Cd|Se

Wavelength/(nm)
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Figure 9. Evolution of the photoluminescence quantum yield for several
core/shell particles. The QY is increasing upon shell growth due to the
electronic passivation of the surface. For the CdSe/ZnS core/shell particles,
the QY decreases for shell thicknesses larger than 2 MLs, probably due to
lattice imperfections within the shell.

Figure 8. Evolution of the PL-peak position for several core/shell particles.
The PL-band shifts toward longer wavelength upon shell growth on the
CdSe-cores due to the decrease in confinement. The multishell particles
show a slight blue-shift upon growth of the outer ZnS layers.

shifts when the outer layers of ZnS were coated onto the CdSe/Table 1. Photoluminescence Quantum Yield of Core and Core/

i _chi Shell Nanocrystals Covered with ODA in Chloroform As Compared
CdS_/Zm,_5Cdo_5S core/sh_ell nanocrystals. Th|s_ blue sh|ft_ became 10 the MPA-Covared Particles in Water
obvious when the solution was kept for 30 min at 260(Figure

7D). A blue-shift was also observed when CdSe-nanorods were photoluminescence guantum yield

covered with a composite CdS/ZnS-shell and annealed by laser CdSe  CdSe/CdS ~ CdSe/znS  CdSe/CdS/ZnCdS/ZnS
irradiation32 The authors attributed this effect to partial pho- ligand/solvent core core/shell  core/shell core/multishell
todegradation of the CdSe cores. Because the blue-shift observedoDA/chloroform 0.3 0.51 0.41 0.7

in this work happens only if the particles are covered with MPA/Wwater <001 011 025 0.48

additional ZnS, we think that the reason for this spectral shift

is th_e partial formation of a Z&d; xS glloy ghell. Especially of two MLs of ZnS, CdS, or Z§Cab sS by SILAR, independent
gt high .temperature the Zn-aFoms m|ght diffuse into the Ca- of the shell material. Additional growth of ZnS shells leads to
rich regions of the shell, thus increasing the band-offset of the a reproducible decrease in the QY, which is in agreement with
. : 7 ,

shell a”q hen_ce the eﬁgctlve confinem&nt! ) former experiments, where the ZnS shell was grown by the

To verify this assumption, we compared the evolution of the «aitional method?” This suggests that the formation of
PL-position upon groyvth of the CdSe/CdS4£B8chsS/ZnS _core/ . defects upon the growth of relative thick ZnS-shells, which is
shell nanocrystals with other core/shell nanocrystals, including supposed to be the reason for the decrease in the QY, is not
CdSe/CdS, CdSe/grCthsS, and CdSe/ZnS. The particles were g q 4 the growth process but indeed a result of the accumulated
prepared from the same batch of CdSe-cores. The SILAR |aice strain. In contrast, the QY for the particles with CdS-
method allowed one to grow the same number of monolayers g o, 7. £Cbo =S-shell, or CdS/ZpCdo <S/ZnS-multiple shell
of each shell. A_‘S can be segn in Figure 8, the red-shift for the is even slightly increasing upon further shell growth. While the
CdSe/CdS particles (55 nm) is much more pronounced than thatahsolute values were slightly different from batch to batch, we
for the CdSe/ZnS core/shell nanocrystals (25 nm), while the ¢4 reproducibly observe that the final QYs of the particles
evolution of the position of the PL-band from the CdSe/gn with the CdS- and ZgeCdb sS-shells were in the range of 65%,

CdosS alloy shell lies qualitatively in between. For the CdSe/ e coverage with the CdS/ZeCdysS/ZnS-multishell yielded
CdS/Zn sCosS/ZnS multishell structure, one can see that slightly higher QY of about 80%.

initially it follows the graph of the CdSe/CdS particles, because
the first two MLs consist of CdS. The position of the PL-band
is then almost constant upon growth of three layers of thgsZn
CdysS alloy but is slightly blue-shifted upon the final growth
of the outermost 2 MLs of ZnS. Obviously, the final position
of the PL-band is similar to that of the CdSe§£8d, sS particles
with alloyed shell. However, because the outermost shell
comprised a higher volume fraction, the CdS/&bd, sS/ZnS
shell contains 65% ZnS and only 35% CdS, in contrast to the
purely alloyed shell, where thg volu_me _fract|ons are equal. the particles, which were initially soluble in chloroform, become
Therefore, we assume that the interdiffusion effect that causes, .o soluble and the ligand exchange could be followed by
the blue-shift mainly happens at the interface between CdS and.[he change of solubility.

ZnS and that the outer surfaces of the CdSe/Cdildth 53/ In Table 1, we compare the PL-QY of (TOPO)/ODA-covered

ZnS r_nulUstreIl paT“C'eS are ,,St”.l ZnS-rich, which could also CdSe-cores and different ODA-covered core/shell nanocrystals
explain the “chemical effects” discussed below. ) .

The PL-OY of th Jshell wals is sh . in chloroform, with the PL-QY of the same MPA-covered
Fi € 9 ;/(Vgh'lo th € S?(m? tchore ls 1€ Cr:jasnocrys as Its" T’ own |fn particles in water. We found that the MPA coating of the CdSe
tr:gured ) le(i’/ 'et Q otthe p a;n b et'gg[; particles 1S ol .,res leads to a nearly complete quenching of the PL, consistent

€ ordero 0, It can Increase to abou 0 UPON COVETage,,ith earlier observation® In contrast, the PL of the core/shell
(47) Zhong, X. H. Han, M. Y. Dong, Z. L.; White, T. J.: Knoll, W. Am. nanocry;tals was only partially quenched after ligand exchange

Chem. So0c2003 125, 8589-8594. by the thiols. However, the decrease of the PL-QY depends on

PL-Response upon Chemical Surface Modification.To
investigate the influence of molecular surface modification on
the PL-QY for the different core/shell particles, we performed
several ligand exchange experiments. In particular, we measured
the PL of amine-covered core/shell particles and compared it
to the PL after ligand exchange with thiols, as explained in the
Experimental Section. As a thiol, we picked mercapto propionic
acid (MPA), because the ligand exchange leads to a change of
the surface polarity from hydrophobic to hydrophilicHence,
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Figure 10. Evolution of the relative photoluminescence quantum yield upon ° \:r\;s* CdSe —0
repeated precipitation and redispersion of TOPO/ODA-covered CdSe cores N 1 y*
and several ODA-covered core/shell particles in chloroform solution. The ® 0,57 ¢ **ﬁ*nx*\;
relative QY and the colloidal stability are higher for particles with an outer E :
shell of ZnS. S D
D\D '5
. ) 0,0
the particular core/shell nanocrystals. We found that the PL is 00 03 06 09 30 60 90 120
decreasing to a stronger degree for particles with a CdS-shell. Photo-oxidation time [h]

This is most likely due to the smaller band offset for the CdSe/ Figure 11. Photochemical stability of nanocrystals in oxygen saturated

CdS material combination (see Figure 1), which leads to a higher chloroform solutions under UV-|rrqd|at|on. (top) Change _in optical density
. . ; and (bottom) change in photoluminescence quantum yield for the CdSe-

probability for the charge carriers to be found at the particle core and different core shell particles (for details, see text).

surface. While the relative decrease of the PL-QY is similar

for the CdSe/ZnS- and CdSe/CdS§£BdysS/ZnS-nanocrystals, it is often observed that nanocrystals degrade in time due to
the absolute QY of the MPA-coated multishell particles is still photo-oxidatatiort® Figure 11 shows the change of the optical
of the order of 50%, due to the higher initial QY of those density (top) and relative fluorescence intensity (bottom) upon
particles. irradiation of oxygen saturated solutions of the different
In the following experiments, we compare the relative QYs nanoparticles in chloroform, as described in the Experimental
of different nanocrystals and focus on ODA-covered patrticles. Section. It can be seen that the absorption of the CdSe particles
In general, it was shown that the high QY of amine-covered drops rapidly and the particles precipitate after a period of 1.5
particles® can only be observed in solutions with excess of h. The “stability” of the particles can be increased by overcoating
ligands#849 probably because of a dynamic exchange equilib- with CdS, as has been shown alredelfhe nanocrystals with
rium between ligands on the surface and in solutiomn a topmost layer of ZnS were even more stable, and the optical
addition, it was observed that the amines are more strongly density changed only slightly until the particles precipitated from
bound to the CdSe/CdS particles than to the plain CdSe &bres. solution, that is, after 12 days for the particles with the pure
Here, we investigated the “colloidal stability” in detail by ZnS-shell and 10 days for the multishell particles.
performing repeated precipitation of the particles and successive While studying the PL properties of the nanocrystals under
redispersion in pure solvents. From Figure 10, it can be seenphoto-oxidation conditions (Figure 11, bottom), a brightening
that the PL-QY of the CdSe cores, which were prepared in a phenomenon was observed in the first minutes for most of the
1:1 mixture of TOPO/ODA, indeed drops fast upon repeated particles?® At longer times, the PL QY of all samples
precipitiation by addition of methanol and redispersion into investigated decreased little by little, most likely as a result of
chloroform, until the particles cannot be redissolved anymore photo-oxidation on the surface. In general, we could observe a
after about 10 purification cycles. Under the same conditions, trend similar to that for the change of the absorption spectra.
the CdS-covered particles could be purified more than 20 times The fluorescence of CdSe nanocrystals decreased fast and was
before they became insoluble, which is consisted with earlier associated with a blue-shift of the fluorescence band position
observationg2 However, if the outer surface shell of the NCs from 570 to 510 nm, which is attributed to a shrinking of the
consists of ZnS, the “colloidal stability” was even higher and CdSe core. The fluorescence intensity of the CdSe/CdS core
the CdSe/zZnS particles as well as the CdSe/CdfZdy sS/ shell particles decreased to a lower degree initially, and we could
ZnS-multishell particles could be purified more than 30 times also observe a shift of the fluorescence band, in this case from
before they became insoluble. This suggests that the amines520 to 610 nm. In contrast, a shift of the fluorescence band
are more strongly bound to Zn-sites on the surface of the could not be observed either for the CdSe/ZnS particles or for
nanocrystals than to Cd-sites. By comparing fluorescence the multishell particles. At the same time, the fluorescence
intensities of the particles with an outer ZnS layer, it should be intensities of those samples decreased only by approximately
noted that the absolute PL-QY of the multishell particles is still 50% upon illumination for more than 120 h.
of the order of 25% before irreversible precipitation, while the ~ Obviously, the particles with an outer layer of ZnS show a
QY of the CdSe/zZnS core shell particles is only-15%. much higher photochemical stability. This is most likely due
Another important issue especially for the use of semiconduc- the higher band offset introduced by the ZnS material as
tor nanocrystals in optical applications is the evolution of the compared to CdS, which results in a lower charge density of
optical properties under continuous irradiation. In this context, the photogenerated charge carriers on the particle surface and
hence a lower probability of surface oxidation. Therefore, the

(48) Qu, L.; Peng, XJ. Am. Chem. So@002 124, 2049-2055.
(49) Potapova, |.; Mruk, R.; Prehl, S.; Zentel, R.; Basche, T.; Mews). Am. (50) Nazzal, A.Y.; Wang, X. Y.; Qu, L. H.; Yu, W.; Wang, Y. J.; Peng, X. G.;
Chem. Soc2003 125 320-321. Xiao, M. J. Phys. Chem. B004 108 5507-5515.
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particles with an outer layer of ZnS show a higher chemical high crystallinity, similar to pure CdS shell material. At the same

stability and also a higher long-term fluorescence intensity.  time, the band offsets are quite high and the particles are well

electronically passivated, similar to pure ZnS-shell materials.

This shows that the passivation shell of semiconductor nano-
We have presented a detailed comparative study of-€ore crystals can now be engineered in a defined way, leading to

shell nanocrystals, where the surface of CdSe cores wasparticles with high crystallinity, well-defined electronic struc-

passivated by the shell materials ZnS and CdS or a combinationtures, and distinct chemical surface properties.

of these materials. While the shell material ZnS leads to a .
. - S . Acknowledgment. This work was supported by a grant from

suitable electronic passivation due to the large band offsets W|ththe SFB 625 (B7)

respect to CdSe, the CdSe/ZnS core shell particles are irregular )

in shape and the fluorescence quantum yield decreases for large Note Added in Proof: During the reviewing process, a paper

shell thicknesses due to lattice imperfections. The shell materialon a similar topic was published by Talapin efl.

Cds, onhthe otf:lelr hgnd, can gror\:v in anhalmlost eplltaX|aI manner gy nporting Information Available: TEM images of different
f’“le tot ‘:Tffsm,a a;tlce mlsm?tc N putf ele ec;ror:jlc p;?sswatlon nanocrystals. This material is available free of charge via the
is less effective because of relatively low band offsets. To |iamet at hitp://pubs.acs.org.

overcome these problems, we have used the newly developed

SILAR technique to gradually change the shell composition in JA042939G

the .radlal dlreCtl_on from C_:dS_to Z.ns' In this Way{ the lattice (51) Talapin, D. V.; Mekis, |.; Gotzinger, S.; Kornowski, A.; Benson, O.; Weller,
strain can relax in the radial direction and the particles show a H. J. Phys. Chem. R004 108 18826-18831.

Conclusion
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