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The ability to precisely control the doping of semiconductor
nanocrystals can create an opportunity for producing functional le2e
materials with new properties, which are of importance to applica- ' '
tions such as biomedical diagnosis, solar cells, and spintrércs. I I
This opportunity has stimulated research efforts to develop synthetic
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methods to incorporate dopants into a variety of colloidal semi- 10 - C

conductor nanocrystafs? It has been found that nanocrystals with 1 1l

dopants inside their crystal lattice can exhibit different properties ¢

from those with dopants on their surfa&@.However, experimental 1020 3

data is still lacking on the fundamental question of whether different R

dopant positions inside nanocrystals can affect physical properties = [ = | 400 500 600 700
of doped nanocrystals. Herein, we report a colloidal synthesis of CdS Mn 2nS Wavelength (nm)
high-quality CdS/ZnS core/shell nanocrystals with radial-position- g

controlled Mn dopants. We demonstrate that the room-temperature
(rt) photoluminescence (PL) quantum yield (QY) of Mn dopants
strongly depends on their radial positions inside the host core/shell
nanocrystals. . i : i .
Our approach to the radial-position-controlled doping of semi- 3100 3200 3300 3400 3500 3600
. X Magnetic Field (G)
conductor nanocrystals is based on a three-step colloidal synthe-
sis: (1) synthesis of “starting host particles,” (2) Mn-dopant growth, Figure 1. A scheme of Mn-doped CdS/ZnS core/shell nanocrystals with
and (3) hostshell growth (Figure 1ac). The syntheses in the first different Mn positions: [€) |n5|d_e the CdS core, (b_) at th_e core/shell inter-
. . P . face, and (c) in ZnS shell. The final core/shell particles (i.e., llla, Illb, and
and third steps are carried out by a modification of the literature | have cds core diameter of 3.8 nm (with a standard deviatiaf
methods:” The diameter of the starting host particles and the ~8%) and ZnS shell thickness of 1.5 nm+{8%). Also shown are the PL
thickness of host shells determine the radial positions of Mn dopants spectra (in red) and PL excitation spectra (in blig, = 600 nm) of the

i _core/shell nanocrystals: (d) llla, (e) Ilib, and (f) llic. The corresponding
inside the host core/shell nanocrystals. In the second step, Mn EPR spectra (taken at 9.5 GHz and 6 K) are shown in panel g as the black

dopi_ng is achievgd by the growth of part.ial MnS shells.onto the (IlNa), blue (Ilib), and red (llic) lines. Inset is a zoom-in plot of the third
starting host particles. Mn-doping levels (i.e., concentration of the peak of these EPR spectra.
dopants) of the nanocrystals are controlled in this step in direct

proportion to th7e amount of MnS-growth precursors added (e.g., synthesized three types of CdS/ZnS core/shell nanocrystals with
Mn(Ac), and S)” Elemental analysis of as-prepared nanocrystals Mn dopant at different positions: inside the CdS core (llla), at the

using inductively coupled plasma atomic emission spectroscopy core/shell interface (llIb), and in the ZnS shell (llic, Figure 1).
(ICP) shows that only around 30% of the Mn in the precursors can . gat4 from transmission electron microscope (TEM) and IPC
grow onto the starting host particles. To achieve a more precise show that these three types of Mn-doped core/shell nanocrystals
control of the Mn position inside the nanocrystals, a separation is have a nearly identical CdS-core size, ZnS-shell thickness, and Mn-
carried out to remove the unreacted Mn-species from the growth doping level (0.10%:4 Mn atoms per particle). These Mn-doped
solution before hostshell growth in the third step. . nanocrystals exhibit two PL bands: the blue band is assigned to
The major difficulty in the second step lies in Ostwald ripening  the emission from exciton recombination in the core/shell nanoc-
of the nanocrystals, which can lead to a broadening of their size \ysials, and the red band is assigned to the emission from Mn
distributions. When the starting host particles are pure CdS (i.e., dopants {T; to 6A;, Figure 1d-f).34 The PL excitation spectra of
la and Ib in Figure 1), the Mn-dopant growth led to significant  these CdS/znS nanocrystals indicate that energy transfer from the
ripening of nanocrystals at high temperatures (e.g., Z80) and exciton in the nanocrystals to the Mn dopants gives rise to the red
the size distribution of nanocrystals quickly broadenetio emissiors In addition, these nanocrystals exhibit a nearly identical
minimize Ostwald ripening of the nanocrystals, we chose an active apsorption peak position for their first exciton band. This result is
single molecular precursor (i.e., M(SNEL),) for low-temperature  consistent with TEM measurements demonstrating that the CdS
dopant growth (e.g., 22TC). In contrast to CdS nanocrystals, when  core size is nearly identical for these Mn-doped core/shell nanoc-
the starting host particles are CdS/ZnS core/shell particles (Ic in rystals.
Figure 1), no substantial ripening occurred during Mn-dopant  Importantly, these Mn-doped nanocrystals exhibit dopant-posi-
growth, even at 280C.” This chemical nature allows the use of tion-dependent optical properties (Figure—fjl The QY of the
less-active precursors (i.e., Mn(A@nd S) for Mn-dopant growth blue-exciton emission is similar for these nanocrystals, but the QY
on these core/shell nanocrystals. These less-active precursors aref the Mn emission is substantially different for the nanocrystals
exchangeable with the active precursor during the dopant growth with Mn dopants inside a CdS core (8%), at the core/shell interface
on CdS/znS core/shell nanocrystals at 280 (16%), and in the ZnS shell (24%). These results indicate that the
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To explore the effects of position-controlled Mn doping, we
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(Figure 2a). The exciton emission is totally quenched when the
doping level reaches 0.44%. This result further demonstrates that
Mn-emission originates from the energy transfer from exciton of
the core/shell particles to the Mit.In addition, the QY of Mn
emission reaches a maximum of around 44% when the doping level
is 0.36% (Figure 2c). With a further increase of the Mn-doping
' : . . - level, the QY of the Mn emission decreases. This further increase
380 450 540 830 720 0.0 030609121518 . . . .

Wavelength (nm) Mn (Atom%) in Mn-doping level could cause stronger MNIn interactions and/
d or create greater crystal-field strain in ZnS shells. Both cases can
/}/\ increase nonradiative decay of the Mn excited state, and thus lead
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to a decreased Mn-emission QY.

To produce nanocrystals with a higher Mn-emission QY, we
further investigated the effects of detailed Mn positions inside the
; ZnS shell of the core/shell nanocrystals. Keeping the core size and
e T 71 T2 T T shell thlcll<ness unchanged (as those in the study of doplng-leyel

U My effects, Figure 3c) we chose a Mn-doping level of 0.36% for this
Figure 2. (a) Normalized PL spectra of Mn-doped CdS/ZnS core/shell study. S.iX types of nanocrystal_s W.ere synthesized with _Mn position
nanocrystals with different doping levels. These core/shell nanocrystals have (9) varying from 0 to 4.0 ML inside the ZnS shell (Figure 2d).
a CdS core diameter of 3.1 nny (~6%), ZnS-shell thickness is 1.5 nm  Surprisingly, the QY of the Mn emission strongly depends on the
(~4.8 ML), and the Mn dopants are located at 1.6 ML in the shell. Shown Mn position. The Mn-emission QY increases with the increase of
also are (panel b) a typical TEM image of the Mn-doped core/shell 5. A maximum QY up to 56% is achieved &tof 3.2 ML, and

nanocrystals, (panel c) a plot of Mn QY as a function of doping level for . . .
these nanocrystals, and (panel d) a plot of Mn QY as a function of Mn then the QY decreases with the further increasé @figure 2d).

position @) in the ZnS shell of the core/shell nanocrystals with a doping This position-dependent Mn emission could be, in part, caused by

level of 0.36%. the inhomogeneity of local crystal-field strain inside the ZnS shell
. ) :
nonradiative decay of the Mn excited stat&,§—not the overlap Eﬁi:g by the 7% lattice mismatch between the CdS and ZnS crystal

between the Mn and exciton wave functions (i.e., energy transfer
from the exciton to the Mayplays the dominant role in controlling
the Mn-emission QY. Therefore, the position-dependent Mn-
emission QY would be caused by the following two factors: (1)

In conclusion, we have developed a new doping approach, using
a three-step synthesis to produce high-quality Mn-doped CdS/ZnS
core/shell nanocrystals. This approach allows the precise control
the Mn—Mn interactions inside a doped core/shell nanocrystal, and of Mn radial position and doping level in core/shell nanocrystals.
(2) the local crystal-field strain on the Mn dopants ' Second, we have shown the first example in which optical properties

The Mn positions inside the core/shell nanocrystals were _Of Mn-doped nanoctystals strongly depend on Mn radial positions

identified using electron paramagnetic resonance (EPR) spectros-mS'de the nanocrystal. Third, we have synthesized nanocrystals with

copy. These three types of core/shell nanocrystals exhibit a six- afr:thbenzli/lsrl]og QY doLSg/o ’rWht'Clh Irs nei”é’ IV\:lce_ %hlgh ﬁs that
line spectrum with a similar hyperfine coupling constant of about otthe bes -doped nanocrystals reported previotishsuch a

69.7 G (Figure 1g). Such a hyperfine coupling constant indicates Efshe(?gi;;:g{ga;rzgg;zm to applications such as nanocrystal-
that the Mn dopants are at cubic CdS or ZnS lattice sites, and thus 9

the dopants are indeed located inside the core/shell nanocrifstals.  Acknowledgment. This work was supported by the University
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core (12 G), at the core/shell interface (12 G), and in the ZnS shell
(7.4 G, inset of Figure 1g). The narrower EPR-peak line-width References
indicates weaker MaMn interactions and less local strain on the

(1) (a) Alivisatos, A. PNat. Biotechnol2004 22, 47. (b) Han, M.; Gao, X;

Mn dopants in the ZnS she¥. Both effects can lead to less Su, J. Z.: Nie, SNat. Biotechnol2001, 19, 631.
nonradiative decay of the Mn excited state, and therefore, a higher (2) ggi%é\g.; Wang, C.; Norris, D. J.; Guyot-Sionnest,NiRS Bull.2001,
Mp-emls_smn QY_ for the core/shell partl_cles with Mn in the shell. @) Erwin, S. C.: Zu, L.: Haftel, M. I.: Efros, A, L. Kennedy, T. A.: Norris,
It is consistent with the results from optical measurements (Figure D. J. Nature 2005 436, 91.
1d—f). Taken together, the results from both optical and EPR ~ (4) Ef;dg";gé’g‘%@"ms"ey' D.; Thessing, J.; Peng, Am. Chem. So2003
measurements suggest_that rqdiaI-position-controIIed Mn—dopipg of ®) @) Norris, D. J.: Yao, N.: Charnock, F. T.: Kennedy, T.Mano Lett.
CdS/znS nanocrystals is achieved by the three-step synthesis. iggé % )3j-(t%) \Ss’ing,vv-;BHoFllowaz/i K- Héﬁpl- nga-olégttfzgogﬁé
. . . (c) Ji, T.; Jian, W.-B.; Fang, J. Am. Chem. So .
The thrge-step synthesis allows a systematic study of_the effects (d) Stowell, C.'A.; Wiacek, R. J.. Saunders, A. E.; Korgel, B.Mano.
of Mn-doping level of CdS/ZnS core/shell nanocrystals (Figure 2a Lett. Ifoga 3,(:%]441. (e) SozrggskandargoK.(;f)Tsoi,IG. Cr;/l.; Wgnger, L.GE.;
. . . Brock, S. L.Chem. Mater 517, 1190. Raola, O. E.; Strouse, G.
c). Nme types of core/shell nanocrystals were synthesized with Mn- F. Nano Lett2002 2, 1443. (g) Schwartz, D. A.; Norberg, N. S.; Nguyen,
doping levels from 0.013% to 1.8%. These nanocrystals have a Q. P.; Parker, J. M.; Gamelin, D. B. Am. Chem. So@003 125, 13205.
; (h) Bryan, J. D.; Gamelin, D. RProg. Inorg. Chem2005 54, 47. (i)
3.1 nm CdS core coated with a'ZnS shell of 4.8 monolayers (ML), Vang, H.. Santra, 8.: Holloway, P. . Nanosci. Nanotechnc2005 5,
and Mn dopants are at 1.6 ML in the shell. The Mn-doping levels 1364.

were determined by ICP measurements. A TEM image of a typical  (6) (&) Cao, Y.; Banin, UJ. Am. Chem. So@00Q 122 9692. (b) Xie, R.;
Kolb, U.; Basche, T.; Mews, AJ. Am. Chem. SoQ005 127, 7480.

nanocrystal sample shows that the Mn-doped core/shell nanocrystals (7) Supporting Information.

are nearly monodispersed with a standard deviation of 6% (Figure (8) (a) Lifshitz, E.; Francis, A. HJ. Phys. Chentl982 86, 4714. (b) Kremer,

2b). With the increase of the Mn-doping level, the QY of the Mn R. E.; Furdyna, J. KPhys. Re. B 1985 31, 1.

emission increases, while the QY of blue-exciton emission decreases JA064818H

J. AM. CHEM. SOC. = VOL. 128, NO. 38, 2006 12429





