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Abstract: A series of colloidal transition-metal-doped chalcogenide semiconductor nanocrystals (TM?+:
CdSe, TM?*:CdS, etc.) has been prepared by thermal decomposition of inorganic cluster precursors. It is
shown through extensive spectroscopic and structural characterization that the nanocrystals prepared
following literature procedures for synthesis of TM?":CdSe nanocrystals actually possess an unintended
CdSe/TM?*:CdS core/shell morphology. The conditions required for successful formation of TM?*:CdSe
and TM?*:CdS by cluster decomposition have been determined. Magneto-optical and photoluminescence
spectroscopic results for this series of doped nanocrystals reveal major physical consequences of dopant
localization within the shell and demonstrate the capacity to engineer dopant—carrier exchange interactions
via core/shell doping strategies. The results presented here illustrate some of the remarkable and unexpected
complexities that can arise in nanocrystal doping chemistries and emphasize the need for meticulous

characterization to avoid false positives.

|. Introduction

dopant binding to crystallite surfaces have been investigated in
the context of impurity incorporatioh!#15

Colloidal doped semiconductor nanocrystals (doped quantum Among the most interesting doped nanocrystal syntheses

dots) have drawn considerable attention in recent yeStgh

described in the literature is the so-called inorganic cluster

materials have been shown to display unusually large magneto-synthesigé-19 in which polynuclear transition-metal (TM)

optical effects, 7 efficient sensitized impurity luminescentg 1!
and interesting quantum size effects on impuritarrier binding

clusters such as (MH)4CdicSe(SPh)e and (MeN),[Coys-
(SPh)q] undergo lyothermal degradation to yield the doped

energies? The syntheses themselves have also provided a fertile crystal lattices at the desired stoichiometries. Whereas doping
laboratory for investigation of the basic chemistries of homo- of CdSe nanocrystals has proved to be relatively ineffective by
geneous nucleation and crystal growth in the presence ofstandard hot-injection techniqu&si® this inorganic cluster

impurities. Dopant exclusion from critical nuclei has been
suggested to be a general phenomekhidand the modes of
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method has reportedly yielded remarkably high doping levels
with apparent ease. High photoluminescence quantum yields,
large product yields, reasonable size distributions, and effective
doping make this cluster approach the method of choice for
the synthesis of doped CdSe nanocrystals.

In light of the manifold advantages of such cluster decom-
position synthesis with respect to CdSe nanocrystal doping, and
in light of the striking contrast between this and the more
common hot-injection approach, this chemistry warrants more
detailed investigation to understand precisely the origins of these
differences. In this article we describe the surprising results
obtained from an investigation of the inorganic cluster approach
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as applied to doping CdSe nanocrystals. Following literature ~30 mL of methanol. The isolated nanocrystals were then resuspended
methods, nanocrystals were grown from the cluster precursorsin toluene. The process of precipitation with methanol followed by
(MesN)4[CdycSe(SPh)e and (MeN)[Cos(SPh)g. These con- resuspension in toluene was repeated three times to remove excess

ditions were discovered to result in thiolate decomposition reagents. The nanocrystals were divided into two batches, the first
ielding unintended CdSe/CdS core/shell heterostructures. Quite¢aPPed With pyridine and the second with trioctylphosphine oxide
y 9 Q (TOPO, 90%, Aldrich). Pyridine surface capping was conducted

unexpectedly, all of the Co was found to segregate into the . . ) .
. . . ) . according to literature techniqu&s®the precipitated nanocrystals were
CdS_ _nanocrys_tell shells. With this new qurmatlon in_hand, suspended in pyridine and stirred at 70 for 12 h, at which point
modified conditions for successful synthesis of doped CdSe ey were precipitated with heptane and resuspended in pyridine. This
nanocrystals by cluster decomposition have been identified, andprocess was repeated two more times (5 h each), followed by surface
the formation of doped CdSe nanocrystals under these newexchange with HDA. TOPO capping was achieved by gently heating
conditions has been demonstrated. the precipitated nanocrystals in TOPO at 1ZD under nitrogen for
The experimental distinction between the target doped CdSe~5 min. Special care must be taken to remove any residual methanol
nanocrystals and the unintended doped CdS&/TGHS core/ before heating at 120C. The nanocrystals were _precipitated by a
shell nanocrystals has relied on application of sensitive dopant-Mixture of toluene and ethanol and resuspended in toluene.
specific spectroscopic techniques. Although the differences Synthesis Il. Doped CdS nanocrystals were prepared in the same
appear subtle from the perspective of dopant electronic structure Manner as above, except that 0.1 g each ofuthgCos(SPh)o] and
the physical properties (luminescence, magneto-optical) of the (MEN)[Cdi(SPh)] were added in place of the decamer. Surface-
. h bound dopants were removed by TOPO as described above. For ease
doped core/shel! nanocrystals are substantially different from f synthesis, CoGi6H,O can be substituted for the cobalt tetramer,
those of the desired doped CdSe nanocrystals. These physmai

h - - rovided that the reaction temperature is increaseg260 °C.
differences are shown to derive from reduced dopastiton Synthesis 1ll. Doped CdSe nanocrystals were synthesized from

coupling in the core/shell nanocrystals and illustrate the capacity (\e,ny,[Cd,(SePh)q as described previously for both Minand Cé*

to engineer dopantcarrier exchange interactions via core/shell  gopants. coCl+6H,0 and 10.8 g of HDA were degassed under vacuum
doping strategies. Finally, the chemical origins of the observed at 130°C for 1.5 h. The reaction vessel was placed undeatl the
dopant segregation under literature synthetic conditions aretemperature reduced t80 °C, at which point 0.2 g of (MéN),[Cda-

discussed in terms of hardoft acid-base principles. (SePhjq and 0.02 g of Se powder were introduced. The temperature
) ) was increased to 130C and maintained for 1.5 h. The temperature
Il. Experimental Section was then slowly increased to 216 and kept constant until the desired
A. Nanocrystal SynthesesThe inorganic clusters (M&)4[Cdio- nanlo %r)?til 1%'32 (\év as a(\jc:\rlleved.tAflter growth, tlh ? sdolktltloréé\_/?s raaldly
Se(SPh)d], (MesN)[Cdy(SPh)g], (MesN)[Cds(SePhy)q, and (MaN),- cooled to , and the particles were isolated by addition of a

mixture of toluene and methanol, followed by centrifugation and
resuspension in toluene. The process of precipitation with methanol
phenylselenide. Briefly, the thiol-terminated inorganic cluster,{¥e followed by resuspension |n toluene was repeated three ti_mes_ to remove
[Cdi(SPh)g, was prepared at room temperature under iner) (N excess reagents. Adventltl_ous Lavas removed by sonicating the
conditions by addition of Cd(N§y4H,0 (17 mmol) in methanol (15 ~ SusPended nanocrystals in the presence of TOPO, followed by
mL) to an equimolar solution of triethylamine and benzenethiol (45 Precipitation, centrifugation, and resuspension in toluene.

mmol) in methanol (15 mL). A solution of tetramethylammonium B. Physical Characterization. Absorption spectra (300 K) of
chloride (19 mmol) in methanol (10 mL) was added, and the mixture colloidal nanocrystals were collected using 1 cm cuvettes and a Cary
was allowed to crystallize at 8C under N. The crystalline product 500 (Varian) spectrophotometer. Luminescence spectra were measured
was filtered, washed repeatedly with methanol, and dried under vacuum.in 1 cm x 1 cm fluorescence cuvettes on a Jobin Yvon FluoroMax-2
(MesN)2[Cos(SPh)g and (MaN)J[Cd«(SePhy] were prepared by fluorimeter. Colloidal nanocrystals were drop-coated onto quartz disks

[Cos(SPh)] were prepared following the general procedures outlined
by Dance et aP! where SPh is phenylthiolate and SePhis

substituting Co(NG)2*6H,0 and benzeneselenol for Cd(N@4H,0 to form films for low-temperature electronic absorption and magnetic
and benzenethiol, respectively. (M&[CdioSe(SPh)d was prepared circular dichroism (MCD) measurements. Low-temperature ab;orption
by addition of equimolar amounts of (M¥)J[Cds(SPh)g and Se and MCD spectra were collected simultaneously using an Aviv 40DS

powder (8.9 mmol) to a solution of acetonitrile (10 mL) at room Spectropolarimeter and a high-field superconducting magneto-optical
temperature, followed by stirring for 3 h. The mixture was then heated Ccryostat (Cryo-Industries SMC-1659 OVT) with a variable-temperature
to 75°C, and~135 mL of acetonitrile was added until the solid had ~sample compartment positioned in the Faraday configuration. MCD
dissolved. The solution was then allowed to crystallize at room intensities were measured as the differential absorbaikes AL —
temperature. Using these clusters as precursors, three different chal#Ar WhereA. andAg refer to the absorption of left and right circularly
cogenide nanocrystals were synthesized according to the following Polarized photons following the sign convention of Piepho and S¢hatz

approaches. and are reported amdeg)= 3298QN\A/A. Powder X-ray diffraction
Synthesis I.1n this procedure, 10.8 g of hexadecylamine (HDA, (XRD) _data were collected using a 12 kW Rigaku Rotaflex RTP300
CigHzsN, 90%, Acros) was degassed under vacuum at°C3€r 1.5 X-ray diffractometer. X-ray photoelectron spectroscopy (XPS) data were

h. The reaction vessel was placed undeahtl the temperature reduced ~ collected using a modified SSL-300 spectrometer equipped with a
to 60 °C, at which point 0.6 g of (M)[CdicSe(SPh)¢ and 0.2 g monochromatic Al Kx X-ray source and a concentric hemispherical

of (MesN),[Cos(SPh) were introduced. Experiments were also analyzer. Binding energies were calibrated using Au foils at Ag(4f
performed using 0.009 g of Co@H,0, degassed in HDA, in place = 83.943 eV) under a base pressure~f x 1078 Torr. The shifts

of (MesN)J[Cos(SPh)¢] and yielded the same results. The temperature caused by charging effects because of the insulating substrate were
was increased to 13T, maintained for 3 h, and then slowly increased ~ Corrected using a reference peak, C(1s), at 284.6 eV. Transmission
to 230 °C and kept constant until the desired nanocrystal size was €lectron microscopy (TEM) images were obtained using a JEOL 2010F

achieved. After growth, the solution was rapidly cooled<th00 °C, transmission electron microscope. The 2Caconcentrations were

and the particles were isolated by addition-e6 mL of toluene and determined quantitatively using an inductively coupled plasma atomic

(21) Dance, I. G.; Choy, A.; Scudder, M. I. Am. Chem. So&984 106 6285 (22) Piepho, S. B.; Schatz, P. Sroup Theory in Spectroscopy with Applications
6295. to Magnetic Circular DichroismWiley: New York, 1983.
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Figure 2. 300 K electronic absorption spectra in the?C8A,(F) — 4T
(P) ligand-field region after various ligand-exchange procedures are applied
to remove adventitious 6. The as-prepared-+¢) and pyridine-exchanged
- . (- - -) particles show very similar broad absorption bands, indicative of
20 30 40 50 60 multiple cobalt species. The TOPO-exchanged partictgshow only the

20 [Degrees] narrower absorption feature of substitutionally dopediCsee text).

Figure 1. (a) TEM image ofd ~ 3.7 nm nanocrystals doped with 2.0%
Cc?t and (b) X-ray diffraction data af ~ 3.4 nm 0.91% C% nanocrystals.
The black posts correspond to wurtzite CdSe (bottom) and wurtzite CdS been shown to allow differentiation between substitutional and

(top). surface-bound G6 ions in Cé+:CdS* and C8+:Zn0O nanoc-
rystal$-2>and to provide a probe of alloy composition in<e
doped Cg-,ZnSe nanocrystal. Electronic absorption spectra
obtained at 300 K in the Co “A,(F)— *T1(P) ligand-field

emission spectrometer (ICP-AES, Jarrel Ash model 955) after acid
digestion of the samples.

IIl. Results and Analysis energy region at various stages of the preparative procedure are
_ ) ) presented in Figure 2. The as-prepared nanocrystals show a
A. Unintentional Formation of CdSe/CdS Nanocrystal  proad, intense feature indicative of multiple aspecies in

Heterostructures by Synthesis I. 1. Results from Synthesis multiple low-symmetry coordination environments (i.e., on
|. The first group of chalcogenide nanocrystals were synthesizedpanocrystal surfaces, in solution, internally doped, etc.). In an
according to literature procedures (Synthesis I) reported t0 effort to remove the adventitious €q the as-prepared nanoc-
produce CdSe and TM:CdSe nanocrystal$:*"1%>Essentially rystals were split into two batches: one for TOPO surface
identical results were obtained using either gMp[Co4(SPh)| exchange and the other for pyridine surface exchange (see
or CoCh-6H,0 as the dopant source. Figure 1 shows represen- gxperimental Section). As can be seen in Figure 2, the pyridine-
tative TEM and powder XRD data for two batches of’Co  gxchanged nanocrystals show absorption features very similar
doped nanocrystals. The posts in Figure 1b correspond to bulkig those of the as-prepared nanocrystals, revealing that multiple
wurtzite CdSe (bottom) and CdS (top) peak positions and g+ species still remain. In contrast, the TOPO-capped
relative powder diffraction intensities. The nanocrystals appear nanocrystals show a narrower ligand-field band shape reflecting
spherical in shape and have a wurtzite crystal structure. A 5 more uniform C&" speciation. After TOPO capping, the &o
Scherret* analysis of the 110 peak in Figure 1b yielded an 4A,(F) — 4T(P) absorption band shape closely resembles those
average nanocrystal diameter af~ 3.4 nm. As anticipated  4f other substitutional C3 ions in Il—VI lattices?6.7.14
from Vegard's law for the substitution of €bfor Cd?* in the These data demonstrate the ability of this TOPO-capping
wurtzite lattice, the nanocrystals exhibited XRD peak shifts procedure to remove surface-bound transition metal ions,
relative to wurtzite CdSe that indicate lattice contraction. leaving behind only those incorporated within the internal
Analysis of the XRD angles using the relationship betweetfCo  yolumes of the nanocrystals. These data also demonstrate the
doping and lattice parameter reported previotfdir the same  jnapjility of the popular pyridine exchange process to eliminate
synthetic procedure would suggest7% CG* substitution into adventitious TM* ions with sufficient reliability. From the
the CdSe nanocrystals (i.e., £C.17S€). This result is in  intensities in Figure 2, it is estimated that ove80% of the
stark contrast with the concentration of only 0.91%2Co  c@+ in the pyridine-exchanged nanocrystals was not actually
determined analytically for the same batch of nanocrystals.  goped within the nanocrystals. The presence of adventitious
Ligand-field electronic absorption spectroscopy was used to TM2+ jons will result in false positive claims of doping and in
monitor the speciation of the €bions throughout the course  misinterpretation of physical properties, so great care must be
of the synthesis and processing. This technique has previouslytaken to demonstrate the efficacy of any cleaning method used.
. : . 2. Discrepancies between Anticipated and Observed
(23) ,:C”’\T,‘v%‘z”si'r‘]‘érss'-MH%'; K “éhi%v.“iﬁa@éz'f%g‘)lﬁ, G M Stouse. G products of Synthesis I. 2.1. Sizes Estimated from Electronic
(24) West, A. R.Solid State ChemistryViley: Chichester, 1992.

(25) Radovanovic, P. V.; Norberg, N. S.; McNally, K. E.; Gamelin, D.JR. (26) Santangelo, S. A.; Hinds, E. A.; Vlaskin, V. A.; Archer, P. I.; Gamelin, D.
Am. Chem. SoQ002 124, 15192-15193. R.J. Am. Chem. So@007, 129, 3973-3978.
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Absorption, TEM, and XRD. Recent reporf have established
a relationship between the wavelength of the first excitonic
absorption maximum in CdSe nanocrystals and the nanocrystal
size, as determined by XRD or TEM. As demonstrated
previously? this relationship is also valid for doped CdSe
nanocrystals at the impurity concentrations under consideration
here. When these analyses are applied to the nanocrystals
prepared by Synthesis |, however, the sizes calculated from
absorption spectroscopy are consistently smaller than those
determined by TEM and XRD. For example, the average
diameter of the 2.0% Cd-doped nanocrystals of Figure la
determined from their excitonic absorption spectrum (2.69 nm)
is significantly smaller than those determined by XRD (3.8 nm)
and TEM (3.7 nm). A similar discrepancy is found for the 0.91% 4 16,
Co*"-doped nanocrystals of Figures 1b and 3 (2.56 nm from Energy [10°cm ]
absorption vs 3.4 nm from XRDB} Clearly, the experimental > )
products obtained from Synthesis | differ from the anticipated —— Co”"-doped NCs |
products. e COZTCAS (Bulk)
2.2. Ligand-Field Transition Energies and Excitonic — —co*-cdse (Bulk)|
Luminescence.The 300 K electronic absorption and photolu-
minescence spectra of TOPO-capped (surface-cleaned) 0.91%
Co*"-doped nanocrystals are shown in Figure 3. The excitonic
absorption and luminescence features of CdSel& 000 cnt?!
agree well with those reported previously for ZCdSe
nanocrystals, which were reported to have excitonic lumines-
cence quantum yields as large#fs,,, ~ 0.1916 As described
above, however, thtA,(F) — 4T1(P) ligand-field transition of
tetrahedral C% is also observed at-13 800 cm?, below ; T T
the nanocrystal band edge absorption2Cdoping should 17 16 15 14 13 12
therefore quench the CdSe quantum dot excitonic luminescence Energy [107cm ]
(Scheme 1). Figure 3. (Top) 300 K electronic absorption (solid) and photoluminescence

From ed 1. the excitonic luminescence guantum Vi (dashed) spectra of TOPO-capped~ 3.4 nm 0.91% C#% -doped
q- d y ¢m”0 nanocrystals prepared by Synthesis |, suspended in toluene. (Bottom) 300

is ecietermined by the ratio.of the excitonic radiative rate constant i o jectronic absorption spectra in the THAL(F) — “T1(P) ligand-field
(k™) to the sum of all excitonic decay rate constants (Wik&re  region. C&* in the nanocrystals prepared by Synthesis | closely resembles

indicates thdth nonradiative pathway). In Gb-doped CdSe Cc?™ in CdS but not C&" in CdSe. Bulk absorption spectra adapted from
refs 29 and 30.

Absorbance [a.u.]
['n"e] eouaosauiwniojoyd

Absorbance [a.u.]

kfx Scheme 1

Plim = . (1) excitonic states
K>+ ko e
' O EEETRLS)

nanocrystals, nonradiative energy transfer to*'C °,°2 " in
Scheme 1) should dominate all other relaxation kinetics and k&
consequently lead to excitonic emission quantum yields close
to zero. Indeed, C¢ is generally an efficient exciton lumines- 4T2
cence trap in H-VI semiconductors because of its multiple sub-
band-gap ligand-field energy levels. The concomitant observa- I |
tion of CdSe excitonic luminescence and sub-band-gaf Co ground state
ligand-field absorption in the nanocrystals prepared by Synthesis
| thus raises serious doubts about successfét @worporation spectrum of C&" in CdS!#42%3lwhich has its'A,(F) — *T1(P)
into these CdSe nanocrystals. transition shifted to higher energy by1000 cnt! relative to
Upon closer comparison to literatu®® the C@* ligand- that of Ca@* in CdSe (Figure 3). This inconsistency between
field absorption spectrum is found to be inconsistent with'Co  anticipated and observefT;(P) energies, combined with the
doping of CdSe. Instead, it quite unexpectedly resembles theobservation of CdSe luminescence despite the trapping proper-
ties of C@™, suggests that Synthesis | does not actually yield
(27) Yu, W. W.; Qu, L.; Guo, W.; Peng, XChem. Mater2003 15, 2854 Co?*-doped CdSe nanocrystals as expected. These data instead
2860. suggest that Synthesis | forms both CdSe ané@mwped CdS

(28) Re-examination of the CdSe nanocrystal data in ref 23 shows that the sizes R
calculated from their electronic absorption spectroscopy are also consistently 8S segregated crystalline phases.
~0.9 nm smaller than those estimated from their TEM images.
(29) Weakliem, H. AJ. Chem. Phys1962 36, 2117-2140.
(30) Langer, J. M.; Baranowski, J. NPhys. Stat. Sol. {h1971, 44, 155-166. (31) Pappalardo, R.; Dietz, R. Phys. Re. 1961, 123 1188-1203.
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. length from the XRD data in Figure 1b. The fractional sulfide composition
o ’0,‘ from the XRD data is 5/(S* + Se&) = 0.59. The result determined
“ . by XPS in Figure 4 (8/(S*~ + Sé°) = 0.62) is plotted for comparison

Fornitnt o (---)

tion in the nanocrystals prepared by Synthesis | is estimated to
be $7/(S* + S€&) = 0.62. These XPS spectra corroborate
the conclusion drawn from electronic absorption spectroscopy
] (Figure 3) that Synthesis | yields both CdSe and'00dS as
. products.

2.4, X-ray Diffraction. Finally, CdS formation by Synthesis
| is also evident from the XRD data. As described above, the
XRD shifts in Figure 1 are too large to be caused by the
Figure 4. XPS spectra of (a) 1.5% GaCds from Synthesis II, (b) undoped  '€latively small concentration of o present in these nanoc-
CdSe nanocrystals (adapted from ref 33), and (c) 0.91%"-@oped rystals. Instead, this line shift reflects the co-formation of CdSe
B oo 5 oo of e oo 2ol CUS alices during synresi. I @Ml AE+ ¥, fandom
(ae)luasr?éar(]lf)', simufating a mixture of CdSe and CdS. The frac‘:ioﬁal S alloy nanocrystal (e.g., Cd_ﬁ&&). the XRD peak p03|t|0n§ and
composition estimated from this analysis & £S?~ + S&) = 0.62. average bond lengths will follow Vegard's I&f3* showing

an approximately linear variation witk between the AE and

It should be noted that, whereas aCdSe and C¥':CdS AY endpoints. Figure 5 plots the anticipated relationship
are readily differentiated using electronic absorption spectros- between the fractional?S anion composition and the average
copy, Mrt™:CdSe and MA™:CdS are not easily differentiated cation—anion bond length calculated from the 110 diffraction
by electron paramagnetic resonance (EPR) spectroscopy becauggeak for the CdSe and CdS pair of lattices. Interestingly, CdSe/
the Mr?" EPR parameters in these two lattices are very similar CdS core/shell nanocrystal XRD data from ref 33 also follow
to one another (in wurtzite Cdg,= 2.002 andA = —66.0 x this behavior, falling very nearly on the same Vegard's law line.
1074 cm1; in wurtzite CdSeg = 2.004 andA = —62.2 x This comparison indicates that, to a good approximation, the
1074 cm1).32 Extreme care must therefore be taken when same plot describes core/shell nanocrystals and random alloys.
concluding successful doping on the basis of EPR spectroscopyUsing this plot, the XRD angles from Figure 1¢ 4 3.4 nm)
alone® can be analyzed to estimate the fraction&l Sontent of the

2.3. X-ray Photoelectron SpectroscopyConclusive evi- nanocrystals prepared by Synthesis I. From this analy3ig, S
dence for CdS formation by Synthesis | is obtained using XPS, (S*~ 4+ S&~) = 0.59 is determined (Figure 5). This value agrees
which allows the relative chalcogenide anion compositions of remarkably well with that determined from XPS*(gS?~ +
the nanocrystals to be determined. Figure 4 shows XPS spectra5¢#-) = 0.62), providing strong support for the conclusion that
of (a) 1.5% C8":CdS nanocrystals (from Synthesis lide the product prepared by Synthesis | contains a substantial
infra), (b) an undoped CdSe reference sample (adapted fromamount of CdS.
ref 33), and (c) 0.91% Co-doped nanocrystals from Synthesis 2.5. Summary of Synthesis IThe large XRD shift (Figures
I, and Gaussian fits of the CdS and CdSe data (solid lines in 1b and 5), the unquenched excitonic emission (Figure 3), and
panels a and b). The XPS spectrum of the nanocrystals fromthe shifted Cé" ligand-field transition (Figure 3) all provide
Synthesis | (Figure 4c) clearly possesses contributions from bothevidence against simple substitutionaP€ancorporation into
CdS and CdSe. The data were therefore simulated (Figure 4d)CdSe nanocrystals by Synthesis |. The 2Cdigand-field
using a linear combination of the CdS and CdSe intensities from electronic absorption and XPS spectra (Figures 3 and 4) suggest
Figure 4a,b. From this analysis, the fractional sulfide composi- that this synthesis instead forms CdS in addition to CdSe.

160 164 168
Binding Energy [eV]

(32) Title, R. S.Phys. Re. 1963 131, 2503-2504.

(33) Peng, X.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, A.J?. Am.

Chem. Soc1997, 119 7019-7029.
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(34) Furdyna, J. K., Kossut, J., Ed®iluted Magnetic Semiconductors
Semiconductors and Semimetals 25; Willardson, R. K., Beer, A. C., Series
Eds.; Academic Press: New York, 1988.
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Quantitative analysis of XPS and XRD data indicates an anion Energy [eV]
stoichiometry of $7/(S>~ + S&~) = 0.62 for thed ~ 3.4 nm 3.0 25 20 15
nanocrystals shown in Figure 3. 0.3 L L L L

Three limiting scenarios can be identified and tested against x75

this collection of experimental data: (i) formation of two distinct
groups of nanocrystals (CdSe and’€€&€dS), (ii) formation of

1

1
Cc?t-doped random alloy Cd$gSc nanocrystals, and (iii) ;;;,
formation of CdSe/C%:CdS core/shell structures. As illustrated — 0.04— . . o 2
by Figure 3, the ligand-field absorption spectra show that the 2 b ' 1'00 Co?*CdS ' o
Co?* ions are uniformly coordinated by foufSligands in an — 024 X So i ds nla
environment indistinguishable from CdS. Specifically, thé'Co § (Synthesis 1) o)
ligand-field electronic absorption spectra are inconsistent with g ;
Co*t-doped CdSge4S¢ nanocrystals, which would shofir ;- ] T
(P) transition energies between those ofC6dSe and C&': 2 7
Cds?¢ This rules out scenario ii. As will be discussed in section <
D, the MCD spectra of these nanocrystals are inconsistent with g

separate CdSe and &€oCdS nanocrystals (scenario i) and
instead implicate formation of CdSe/€oCdS heterostructures

(scenario iii). The experimental XPS spectrum of the nanoc- 0.0 : : . s . >
rystals formed by Synthesis | (Figure 4c) is very similar to that 24 20 16 12
reported® previously for CdSe/CdS core/shell nanocrystals and Energy [1 03cm'1]

is thus consistent with scenario iii. Using the experimental anion Fioure 6. 300 K electronic absorfi d photolumi raL of
. _ o 827 = 062 th d t f th lgure 6. electronic absorption ana pnotoluminescence spectra o

fraction of $7/(S*~ + Se&") .02, Ihe diameter of theé  TOPO-capped (a) ~ 3.7 nm 2.0% C&"-doped CdSe/CdS nanocrystals,

nanocrystals determined from XRDR & 3.4 nm), and ap- (b) d ~ 3.8 nm 2.2% C&":CdS nanocrystals, and (d)~ 2.9 nm 0.85%

proximating the particles as spherical (Figure 1), a CdS shell Co*:CdSe nanocrystals, each suspended in toluene.

thickness of 0.45 nm (i.e., CdSe catex 2.5 nm, CdSe/CdS

core/shelld ~ 3.4 nm) can be estimated from the XPS spectra. p - -
This corresponds to an average CdS shell thickness—@ 1 (F) — “Ta(P) transition energy is the same as those of bufkCo

monolayers, although anisotropic shell growth is lik&yhe CdS (see Supporting Information, Figure $2hanocrystalline
difference (0.9 nm) between these core and core/shell ,COH:CdS prepared by inverted micelle synthééla,nq most
diameters is remarkably similar to that obtained from electronic ImPortantly, the nanocrystals prepared by Synthesis | (Figure
absorption spectroscopy and described in section~019(nm). 6a). These data provide strong evidence in support of the
Collectively, these data all suggest that Synthesis | leads to NYPOthesis that CdS formation derives from the decomposition
formation of CdSe/CdS core/shell nanocrystals and that Co ©f SPh under these experimental conditions. The formation
dopants segregate quantitatively into the CdS layers. Figure 6°f Il ~VI nanocrystals via thermal degradation of thiolate-bound
summarizes the 300 K electronic absorption and luminescence!norganic clusters has precedéha similar suifide shell growth

spectra of TOPO-capped 2.0% Tedoped nanocrystals pre-  MaY al_so expla_in the enhanced_luminescence quantum yields
pared by Synthesis |, for comparison with those prepared by @d shifted luminescence energies observed whe#f idnSe
Syntheses Il and Ill as discussed below. nanocrystals were heated with thiolates at 220+

B. Synthesis of Doped CdS Nanocrystals by Thiolate C. Successful Method for Synthesis of Doped CdSe

Decomposition.Since the phenylthiolate (SPhassociated with ~ Nanocrystals. Upon establishing that Synthesis | yields CdS
the cluster precursors (M8)4CdicSex(SPh)e] and (MeN),- in addition to CdSe, attempts were made to synthesize pure CdSe

[Cos(SPh)d is the only potential source of sulfur in Synthesis yvithout using gny_sulfur-containing I_igands. This syl_wthesi_s thus

I, we hypothesized that the experimental conditions of Synthesis involves sgbstltutl_on of phenylselenide fpr phenylthiolate in the

| must lead to decomposition of SPHo liberate $-, which precursor inorganic cluster. Spectroscopic resglts fot'MBdSe
subsequently reacts with €dto form CdS. To test this ~and C67:CdSe nanocrystals prepared by this approach have
hypothesis, a trial reaction was performed that excluded all Pe&n communicated recentlfrior to this recent studyneither
sources of selenium but included ©a@and C&* and had SPh (MesN),[Cds(SePhyg] nor related selenol-containing clusters had

as the only potential source of'S(Synthesis II, see Experi- been used to prepare doped Cd_Se nanocrystals, although related
mental Section). This reaction does indeed yield high-quality clusters have been reported to yield undoped CdSe nanocrystals

spherical nanocrystals having XRD peak positions consistent When heated under similar conditiofisA very interesting series

with CdS (see Supporting Information). Figure 6b shows the Of ternary ZnCdi.E (E = Se, Te) nanoparticles has also been
300 K electronic absorption and luminescence spectra of oneMade by thermal decomposition of related clustéfsigure 6¢

such sample prepared by Synthesis II, having a cobalt cationSummarizes the 300 K electronic absorption and luminescence
mole fraction of 1.5%, as determined by ICP-AES. Both the SPectra of TOPO-capped 0.85% CcdSe nanocrystals pre-
excitonic (~23 000 cnt?) and C8* ligand-field (~13 800 cm?) pared by Synthesis Ill. No attempts were made to optimize the

transitions are observed in the absorption spectrum of the synthesis to yield narrower size distributions, which would
sharpen the excitonic absorption features. The first excitonic

nanocrystals made by Synthesis Il (Figure 6b). The-

(35) Li, J.J.; Wang, A. Y.; Guo, W.; Keay, J. C.; Mishima, T. D.; Johnson, M.

B.; Peng, X.J. Am. Chem. So@003 125, 1256712575. (37) Eichhder, A. Eur. J. Inorg. Chem2005 1245-1253.
(36) Yu, Z.G.; Guo, L.; Du, H.; Krauss, T.; Silcox,Nano Lett2005 5, 565~ (38) DeGroot, M. W.; Rener, H.; Corrigan, J. Ehem. Eur. J2006 12, 1547
570. 1554,
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absorption band in Figure 6c is broader than those of the best
colloidal CdSe nanocrystals prepared by hot-injection tech-
niques, leaving room for improvement. This poorer size
distribution presumably arises from concomitant nucleation and
growth during lyothermal cluster decomposition, in contrast with
the well-separated nucleation and growth achieved by hot-
injection methods. 2+,

Initial efforts to synthesize TRT:CdSe nanocrystals by CdSe/Co :CdS m
adapting Synthesis Il directly using (M\)2[Cds(SePhjq] in
place of (MeN)[Cds(SPh)o yielded only undoped CdSe
nanocrystals instead of doped CdSe nanocrystals (data not
shown). CdSe nanocrystal doping was successful only upon
addition of excess Sepowder (see Experimental Section,
Synthesis Il1)? Although it is not yet clear precisely why excess

N
Seé powder assists Co doping of CdSe nanocrystals, it is likely
that the selenium enables the formation of larger inorganic :
clusters, as described by egs 2 and 3. :
5[Cd,(SePh)*” + 8S€ — 2[Cd,,Se(SePh)]* +

8PhSeSePH 2SePh (2) Co?*:CdSe

s S
2[Cd,(SePh)]?” + S& — [Cd,Se(SePh)y*™ + N
PhSeSePH 2SePh (3)
The chemistry of eq 2 is analogous to that repottedr
6 24 22 20 18 16

synthesis of [CeghSe(SPh)gl*, with the substitution of phe-
nylselenide for the phenylthiolate ligand. The reaction in eq 3 2 3
is based on the presumption of similar reactivities for the Energy [10°cm ]
phenylselenide and phenylthiolate clusters. Both of these Figure 7. Low-temperature electronic absorptiondah T MCD spectra
reactions involve net reduction of S® Se&- in the formation of frozen solutions ofd ~ 3.4 nm 0.91% CdSe/Cb:CdS nanocrystals
of higher-nucleary clusters flom Cd tetramers and can be (MES 18 K specte)d = 6, 1% CO € panocytls
viewed as steps along the CdSe nucleation reaction coordinate(synthesis 11} 6 K spectra). The dotted line is a guide for the eye.

D. Physical Consequences of CdSe/€aCdS Core/Shell
Structure from Synthesis |. The results in Figures 1-6 Figure 8 shows the helium-temperature MCD saturation-
demonstrate that both CdSe and?C@dS are formed in ~ magnetization probed in tHé(F) — “T1(P) ligand-field region
Synthesis |. MCD spectroscopy provides additional valuable and at the first excitonic transition of the semiconductor host.
insight into the structural relationship between the two lattices. The solid lines show th& = 3/, spin-only saturation-magnetiza-
As described previously, MCD spectroscopy offers a powerful tion calculated from the Brillouin function (eq 4)
probe of dopantcarrier exchange interactions {sg exchange)
in TM2+-doped semiconductor nanocrystaté. The two sig- M= ~NgXe9ugE

Rel. Abs. [a.u.]

Co”":CdS

Rel. 6 [mDeg]

14 12

nature features of doped quantum dots{Cor Mn?*-doped) 1 qugH

in MCD spectroscopy are(i) inverted polarities at the band == Noxeffgﬂs[(zs"‘ 1) cotl‘((25+ 1)( B )) —

edge relative to undoped nanocrystals and (ii)*Taturation- 2 2T
magnetization of the excitonic MCD intensities. Here we cot g'“_BH)] (4)
describe the relationship between the dopant locales, the 2kT

excitonic wave functions, the existence of excitonic lumines- ] 5
cence, and the excitonic MCD intensities of the samples USiNg the appropriate bulk parametegs=t 2.26, S = =/, for
prepared by Synthesesll. Co*":CdS and CdSe/Co:CdS; g = 2.3, S = 3/, for Co?™:

1. Giant Excitonic Zeeman Splittings. Figure 7 compares ~ CdSe)?® whereM is the magnetizationi\o is the number of
the helium-temperater5 T MCD spectra of 0.91% CdSe/&o unit cells per unit volumexe is the effective cation mole
CdS nanocrystals (Synthesis 1), 1.5%2C€dS nanocrystals fraction of paramagnetic ions (reduced by statistical antiferro-
(Synthesis II), and 1.5% CG6:CdSe nanocrystals (Synthesis lll). Magnetic dimer interactiofy, us is the Bohr magnetori is
The MCD spectra of the G:CdS and C3:CdSe nanocrystals ~ the temperatureH is the magnetic field,[Sis the spin
both show intense negative derivativéterm MCD features expectation value of the magnetic ions in the direction of the

near the host band edgem both cases, these excitonic MCD ~ @Pplied magnetic field, and is Boltzmann's constant. All
features are more intense than théCth»(F) — *T+(P) ligand- transitions shov = %/, saturation-magnetization, indicating that

field MCD features. In C&:CdSe, the excitonic and ligand- all MCD intensity ultimately derives from the magnetization
field transitions are both lower in energy than in2C&dS of the C&" dopants.

bepause of the Iarggr_ c_:atleamon bond lengths and the smaller (39) Gennser, U.: Liu, X. C.: Vu, T. Q.: Heiman, D.: Fries, T.. Shapira, Y :
anion electronegativities of CdSe. Demianiuk, M.; Twardowski, APhys. Re. B 1995 51, 9606-9611.

9814 J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007



Inorganic Cluster Syntheses of Doped Quantum Dots ARTICLES

splittings! the experimental excitonic Zeeman splitting energies
can be determined by analysis of the MCD intensities. Equation
5 relates the experimental data to the Zeeman splitéigslere,

a

AE,,. = 20MA )

eeman A

b o refers to the Gaussian bandwidth of the excitonic absorption
signal andAA/A is the maximum excitonic MCD intensity at
= the leading edge feature divided by the absorbance at the same
energy. Application of eq 5 to the data in Figure 7 yields
AES% an= —0.5+ 0.2 meV for the CdSe/C6:CdS nano-
crystals from Synthesis I. This splitting is very small compared
with the value ofAESS . = —13.3 meV estimated for the
¢ 1.5% Ca@"™:CdSe nanocrystals obtained from Synthesisdhd
the value of AESS = —13.4 meV estimated for the 1.5%
= Co?™:CdS nanocrystals from Synthesis II. Importantly, the sign
of the MCD intensity for the samples from Synthesis | (Figure
7) indicates that the holeCo?™ (p—d) exchange energies
f . . . . dominate over both the electrelc?™ (s—d) exchange energies
00 01 02 03 04 05 and the intrinsic excitonic splittings because only thedp
PH/2KT exchange term flips the sign of the excitoni¢-term MCD
Figure 8. MCD saturation-magnetization data probed at th&Cd1(P) signal” These various contributions to the overall excitonic

(©) and semiconductor excitoniClf transition energies: (a) 0.91% CdSe/  Zeeman splitting thus compete to determine the sign of the

Cc?*:CdS nanocrystals of Synthesis 5 K data; (b) 1.5% C%:CdS L .
nanocrystals of Synthesis B K data; and (c) 1.5% Co6:CdSe nanocrystals excitonic MCD fefature Obse_rved_ experimentally.
of Synthesis Il) 6 K data. The solid lines show th® = 3, spin-only 2. Dopant—Exciton Coupling in Core/Shell Nanostruc-

saturation-magnetization predicted by the Brillouin function (eq 4). tures. To illustrate the origin of the small excitonic MCD
intensity in the CdSe/Ca:CdS nanocrystals of Figure 7, the
electron and hole wave functions have been analyzed within
the effective mass approximatiéhCalculations were performed

) on idealized spherical core/shell nanostructures with infinite
Synthesis | when compared to those_ of thémds and C@:_ . barriers at their surfaces. Since the true CdSe/CdS band potential
CdSe nanocrystals (Figure 7). The ligand-field MCD transition offsets for these nanocrystals are not known, the natural offsets

= o A=TOUIAe | of 0,13 eV (onducton band)andd 9 e (vlence band)

. ,’ ) . were assumed, derived froab initio calculationé! based on
doped. Thls_observatlpn confirms th.e conclusion drawn from density functional theory using pseudopotentials within the local
the_ electronic absor_ptlon spectra (Flgure 3) that'Qurefer- density approximation (LDA). These offsets are similar to those
entially segregates mto_the CdS lattice. _Although F‘°t doped, calculated using the all-electron linearized augmented plane
the Cd_Se band edge still sh(_)ws aanegauve Qer{vatw*ee_arm wave (LAPW) method+0.32 eV (conduction band) are0.42
MCD signal that saturates wit = /> magnetization (Figure eV (valence bandj} and to those estimated from the differences

2 . )
8a,0), |nq|cat|ng eXCha”‘i!e .coupllng betwe;e.n Cand the between bulk electron affinities and ionization potentigt® .27
CdSe exciton. An upper limit 0&£0.02% C3" in the CdSe eV (conduction band) and-0.51 eV (valence bandjj:43

lattice can be estimated from quantitative analysis of the ligand- Similarly, bulk effective masses for CdSed= 0.13m,, m, =

field MCD intensities. l_:rom comparison with the qlata forCo 0.45m)* and CdS e = 0.2m,, my, = 0.7m,)% were assumed.
CdSe nanocrystals (Flgurg ?)’ such a small doping level could Relaxation of these assumptions is not expected to alter the main
only acc_:ount for. an upper limit of~10% of the observed CdSe conclusions drawn from this analysis significantly. From these
excitonic MCD intensity for the nanocrystals from Synthesis I. band offsets, the potentiaV in the shell is larger than that in

The_ experimental excitonic MCD _intensity therefqre cannot be the core for both the electron and the hole. This is thus a Type
attributable to a small Co content in the CdSe lattice but must | oteroiunction alignment, confining both carriers to the CdSe
instead derive from exchange coupling between th& @Gothe
CdS lattice and the exciton in the CdSe lattice. These data thus
provide conclusive evidence of a hetero-interface between the
Co?™:.CdS and CdSe lattices in these nanocrystals and, when
considered along with the other experimental results, are most
consistent with a CdSe/€uCdS core/shell heterostructure. The
weak CdSe excitonic MCD intensity relative to the ligand-field
MCD intensity clearly indicates a much weaker?Ceexciton (40) Haus, J. W.; Zhou, H. S.; Honma, I.; Komiyama, Phys. Re. B 1993
exchange interaction in the core/shell nanocrystals than in either(4l) 4L|7 Jl_??,v‘);rllgfii_wmpl. Phys. Leti2004 84, 3648-3650.
the C@":CdS or C8":CdSe nanocrystals (Figure 7). (42) Wei, S.-H.; Zhang, S. B.; Zunger, A. Appl. Phys200Q 87, 1304-1311.
Because the excitonic MCD intensities of these doped Eﬁ Nethercot, A. HPhys. Re. Left. 1974 33 10881091,

)
. . . ) Dimmock, J. O.; Wheeler, R. G. Appl. Phys1961, 32, 2271-2277.
nanocrystals derive from exchange-enhanced excitonic Zeemari4s) Hopfield, J. J.; Thomas, D. ®hys. Re. 1961, 122, 35-52.

Several important observations can be made about the MCD
spectra of the 0.91% CdSe/&aCdS nanocrystals prepared by

The wave function analysis is restricted to the strong-
confinement regime where the electremle Coulomb interac-
tion is negligible in comparison to the confinement energy. The
relevant Schidinger equation is given by eq 6, where the mass,
m, will depend on the carrier position in the material.
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hZ

>V Vw(r) +V(N)y(r) = Ey(r)

(6)

The solutions to eq 6 are the linear combinations of spherical
Bessel |((x)) and Neumannr((x)) functions for the core and

shell described by eqgs 7a,b. The angular dependence is given

by the spherical harmonic&m(60,¢), and the particle wave
vectork, is defined as in eq 8.

Yim = (A (k) + Bani(k) Y (60,0) (72)

Yim = (A ik + Bryni(ke)) Yo (60,6) (7b)
J2m(E -V,

= VIE T Vo) ®)

A

Here, n refers to thenth layer in the material (& core, s=
shell),| andmare the angular and azimuthal quantum numbers,
E is the energy of the carrie¥/, is the potential of the carrier

in the nth layer (defined in absolute values relative to CdSe),
and A, and By, are the coefficients determined from the
boundary conditions described below. In this analysis, only
the S-like “ground-state” wave functions are considered, so
=m=0.

The solutions to eq 7 must satisfy the following boundary
conditions: the wave function must be finite everywhere; the
wave function must be continuous at the core/shell interface
(eq 9a); and the probability current must be continuous at the
interface between two layers separated by a finite barrier (eq
9b). These boundary conditions are sufficient to solve all of
the coefficients excep®, which is kept for normalization. The
energy E) is plotted versus eq 10 to find the roots. Normaliza-
tion then completes the determination of the wave functions
for the electron and the hole.

¥ = v (9)
VO = VO, )
YA =0 (10)

The calculated electron and hole probability distribution
functions for nanocrystals witd = 2.5 nm CdSe cores and
0.45 nm thick Cé":CdS shells are plotted in Figure 9. These

results show that, at these core/shell dimensions, both carrier

wave functions are attenuated in the shell region but still span
the entire particle volume to some extent. The*Cecarrier

overlap is thus reduced relative to an isotropic dopant distribu-
tion scenario, and this reduction translates into a reduction of
the giant excitonic Zeeman splittings responsible for the MCD

intensities. From these calculated wave functions, the anticipated

excitonic Zeeman splitting energy for these core/shell nanoc-
rystals can be estimated using eq 11, wharandc;, are the

Xett [(B,No(Cet — €, ) (11)

projections of the carrier probability densities onto the dopant
probability distribution function, assumed to be isotropic
throughout the CdS shell layer. From Figure 9, the ratio of
electron-Co?™ to hole-Co?" projection magnitudes is 14.8:
10.5. Using these calculated valuesaf= 0.148 andc, =

AEZeeman
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Figure 9. Conduction-band electron (top) and valence-band hole (bottom)
probability distribution functions in a CdSe/CdS core/shell nanocrystal
calculated as described in the tet= 1.25 nm and's = 1.7 nm are the
core and core/shell radii, respectively. The shell offsets for the conduction
band (+0.18 eV) and the valence bane-@.39 eV) are plotted as their
absolute values. See text for details.

0.105, and 0.179 eV and-2.71 eV for Noo. and Ngf,
respectively’s47 a value ofAE;%, .= —3.1 meV is estimated
from eq 11 for the CdSe/Cb:CdS core/shell nanocrystals.
Combining the three sets of band offsets described above yields
a more general estimate ;% = —3.0+ 0.2 meV. This
calculated value agrees reasonably well with the experimental
result of —0.5 + 0.2 meV, having the correct sign and being
substantially smaller than those observed for thé*@dSe
nanocrystals prepared by Synthesis INEGS .= —13.3
meV) or for the C8™:CdS nanocrystals prepared by Synthesis
Il (AESS, .= —13.4 meV):8

The quantitative discrepancy between calculate8l.Q 4 0.2
meV) and experimental<0.5 & 0.2 meV) AE;%, .. for the
core/shell nanocrystals of Synthesis | may arise from several
possible sources, including anisotropic shell grotfth,dopant
gradient within the shell layers, or possibly poor epitaxy at the

hetero-interfaces. To this end, we note that the ligand-field

transition energy and band shape reflect a uniform tetrasulfide

(46) Kacman, PSemicond. Sci. Techn(ﬂOOl 16, R25-R39.

(47) No8 in Co*":CdS could not be found in the literature. This value was
therefore estimated &3(Cc?":CdS)= [Ny3(Mn?":CdS)Ny3(Mn?+:CdSe)]

x NoB(Cc?*:CdSe).

(48) As shown in ref 6, much of this reduction can be attributed to dopant
displacement away from the nanocrystal core alone. For example, using
the same dopant spatial distribution but setting the core/shell band offsets
to zero,c. = 0.156 andc, = 0.157 are calculated, yieldingE>a, . =
—4.6 meV.
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Co?" coordination environment, and not a mixed sulfide/selenide Scheme 2
coordination environment as might have been anticipated from
interfaces in an isotropic distribution of dopants within a thin [Cd,Se,(SPh),J A CdSel
CdS shell like that assumed for Figure 9. Such a mixed-anion Ct)z. Co>CdS
environment would be detectable as an energy shift of tié Co HDA
4T1(P) level?®6 A dopant gradient placing all Gb6 ions in
tetrasulfide coordination environments (i.e., removed from the
CdSe/CdS interface) would further reduce the dopamtiton
overlap and could readily account for the relatively small
difference between predicted and experimentd};, . .mag- [Cd,(SPh),
nitudes. +

3. Excitonic Luminescence.One of the most prominent
differences in physical properties between the CdS&/CalS
core/shell nanocrystals (Synthesis 1) and thé'@@dS (Syn-
thesis 1l) or C8":CdSe (Synthesis Ill) nanocrystals is the
retention of strong excitonic luminescence in the core/shell [Cd,(SePh), - A
nanocrystals despite the presence of‘Claminescence traps +Se
(Figure 6). The analysis applied above to understand the weak +Co*

o . ooh HDA

excitonic MCD intensities in the nanocrystals prepared by
Synthesis | also explains this physical difference. In thé"Co
CdS and C&":CdSe nanocrystals, the strong Zeexciton for such segregation. Control experiments show that essentially
electronic coupling responsible for the intense excitonic MCD identical results are obtained from Synthesis | when Gl
signals also leads to rapid nonradiative excitonic relaxation to used in place of (MgN)2[Cos(SPh)c], however. This result
the manifold of sub-band-gap €oligand-field excited states, ~ argues strongly against an important role played by the
i.e., a large Cr02+ in Scheme 1. In the CdSe/&oCdS core/ preformed Ce-SPh bonds. Another hypothesis relates to the
shell nanocrystals, weak &o-exciton electronic coupling gives ~ Proposal that MA™ may bind preferentially to zinc blende rather
rise to only weak excitonic MCD intensities but also allok than wurtzite nanocrystal surfac®dt is conceivable that some

to become competitive in magnitude wkﬁfﬂ such thap®™ or all of the CdS shell material, if grown incoherently on the
! Lum . .
in eq 1 differs significantly from zero. Dopant localization at CdSe surface_'s, POSSEsses th? zinc blgnde r_ather than wurtzite
the periphery of the excitonic wave function can thus be used structure. In this scenario, the difference in doping between CdSe
to modify dopantexciton coupling magnitudes such that cores and CdS shells observed here could simply reflect their
different lattice structure®. XRD is unable to rule out this

inverted excitonic Zeeman splittings and excitonic luminescence : . . .
coexist, even for efficient luminescence traps such & Chis scenario because of the breadths of the diffraction peaks (Figure
; ' 1b).

observation suggests intriguing possibilities for engineering the . .

physical properties of quantum dots through judicious spatial Ar|1 alte;na}tlvg expég; ation, arl;d that f";‘é‘”gﬁ by(;he (;uthors,

localization of dopants in core/shell or related heterostructures. NVolves the intrinsic differences between*CeS™ and Co™—
Sé&- bonding interactions, as governed for example by kard

IV. Discussion and Conclusion soft acid-base (HSAB) principle& According to these prin-

. ciples, the softer Lewis acid, €d, will out-compete the harder
The results presented.above reveal.some of the cpmplexmes “horderline”) C@* for binding at a softer Se surface site
that can be encountered in the synthes_ls_ and processing o_f dope éarfaca' The HSAB bias is exacerbated by the second
Cd_Se nanoc_rystals. The _most Surprising observation IS thatcompetition reaction that must also be considered, namely the
gnlnt_ended side reactions myolvmg supposed bystande_r IIganOIScompetition between the surface and the coordinating solvent
na Ilteratur(.a.procedure (Sélm Synthes.ls /) completely dlctate. for free cations. According to HSAB principles, the coordinating
the compositions and physical properties of the nanocrystalline

. ) . solvent hexadecylamine (:NRis a hard Lewis base and will
products. Specifically, spectroscopic and analytical data lead therefore out-compete the soft2§ for coordination of the
to the conclusion that SPhdecomposition during CdSe P sttfice

synthesis from (MgN)[CdhoSe(SPh)q and related cluster harder Lewis acid (C8), thus shifting the reaction equilibrium

+ bindi .
precursors generates core/shell CdSe/CdS nanocrystalall and ingalfstogoﬁﬁe S(I)rllt(gpﬁet\/(\)/i;haeci(sju(réf%c?ﬁis()LtShiBCéjoSn?pgﬁ-no
g . : . )
.Of th? ThE |mpgr|ty segregates into the CO.IS shell. .Through. tion will instead favor surface coordination. The relevant HSAB
iterative synthesis and careful spectroscopic analysis, experl-competition reactions are summarized in eq 12 for the case of
mental conditions that successfully yield doped CdSe nano- CdSe

crystals have been identified (Synthesis IIl), as have conditions When CdS is substituted for CdSe, the harder Lewis basicity

that successfully yield doped CdS nanocrystals via the thiolate of the S shifts the C&* surface binding equilibrium (eq 12a)

decomposition side reaction (Syn.the5|.s I). The essential featuresto the left somewhat and simultaneously shifts thé‘Calirface
of these syntheses are summarized in Scheme 2.

Several fascinating fundamental questions are posed by thesg4g) Itis interesting to note that these nanocrystals (doped CdS shells on wurtzite
results. Foremost among these is the question of Why th&T™M CdSe cores) represent a motif reciprocal to that presented as experimental
i . . evidence for the importance of lattice structure in nanocrystal doping (doped
dopants segregate exclusively into the CdS shells. One hypoth-  cdse shells on zinc blende ZnSe cores) in ref 15. Direct experimental
; ot ; comparison of doping in these two reciprocal core/shell motifs may therefore
esis would be that the preexisting CObeﬂIl_Dh bondsf in the help elucidate the role of lattice structure in nanocrystal doping.
(MesN)2[Cos(SPh) ] cluster precursor predispose this system (50) Pearson, R. GI. Am. Chem. Sod.963 85, 3533-3539.

Co*
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ot 5 HSAB . . of the CdSe excitonic Zeeman splitting, as well as a reduction
CO*" ~S€ taceT NRy™—="S&,pceT CF*' —NR; (122) in the CdSe excitonic photoluminescence quenching kinetics.
The results described in this study thus demonstrate that core/
" . HSAB . " shell and related nanoscale heterostructures can be used to tune
cd _Séurface_'_ ‘NR; — Séurface+ Cd —NR; (12b) exciton—dopant exchange interactions, and thereby reveal new
opportunities for spin engineering and spin manipulation in DMS

binding equilibrium (eq 12b) to the right. Combining these nanostructures using chemistry.
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Y. J. Am. Chem. Soc2007 129 3848-3856. Yang, Y.; Chen, O.;
Angerhofer, A.; Cao, Y. CJ. Am. Chem. So@006 128 12428-12429. JA072436L

9818 J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007



