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Semiconductor nanocrystals, with CdSe ones as the workhorse,

have been widely studied for their fundamental propertesl app- Nucleation- ®  rost

- - - - " doping _Nucleus “growth

lications, mostly as tunable emitters for biomedical labefitight with dopants Center doped
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emitting diodes (LEDsj2lasers® aljd sensor@. [_)es_plte tl_wglr ap Growth- | @ doping crawitn

parent advantages versus organic d/éiee intrinsic toxicity of doping | Small Surface

cadmium has cast a doubtful future for this promising field. Wide host doped Internal doped

band gap semiconductor nanocrystals, such as zinc chalcogenide P Cu:ZnSe] ® > mﬁ =

ones, doped with transition metal iohsjay overcome this concern 8 E‘ 3 5': l..

and yet maintain the advantages of the nanocrystal emitters. How- £ lg : %

ever, it has been a challenge to dope all nanocrystals simultaneously, ; 8 § £

even with the vigorous organometallic approactiés, provided & GiE

the extremely small volume of nanocrystals and dynamic nature in 375 450 525 600 375 450 525 600)

the growth process. To meet this challenge, we report methods to jth (nm) Wavelength {nm)

decouple the doping process from nucleation and/or growth, which By MnSe:ZnSe | S -

allows us to dope nearly all nanocrystals in a given sample. & i 54l 3
Recent success on the synthesis of high quality nanocrystals has g £ 3 ;’;;" Zn(St),

been regarded as a result of temporal separation of nucleation and £ gl 5 gpnher S

growth$ This invited us to consider the possibility to decouple 2 z 8ia ] .

doping from nucleation and/or growth. Two different strategies were 420 560 700 § 5 55 pe

designed, nucleation-doping and growth-doping, respectively (Fig- Wavelength (nm) Wavelength (nm) _|

ure 1, top). These strategies were realized with the constraint of Figure 1. Schematic (top) and spectroscopic (middle and bottom) presenta-
using greener precursotsuch as metal carboxylate salts, and a tion of nucleation- and growth-doping. The doping time in middle left was
one-pot approach. Radovanovic and Gamelin demonstrated a®: 2° 45, and 110 min, respectively.

strategy similar to the growth doping to solve the unfavorable c4qe the nuclei could be formed with pure dopant cations. The re-

incorporation of (?é+ in CdS nanocrysta& sulting structures can be considered as a combination of doped
For growth-doping strategy, the formation of the small host ZnSe hanocrystals and core/shell nanocrystals. For simplicity, these nano-
nanocrystals occurred under established synthetic conditiand crystals will also be called doped nanocrystals because of their

was quenched by lowering the reaction temperature. Under the neWg;mjjar emission properties. The MnSe:ZnSe nanocrystals in Figure
condltlons,.actlve dopant precursors were introduced and doping 1 (bottom panel) are an example of such core(dopant)/shell nano-
occgrred without the growth of the host. Using copper-doped ZnSe qysials, whose UWvis has the correct characteristics of a quantum-
(Cu:ZnSe) as the model system (Figure 1 (left, middle panel), \ye|| spectrun?. The PL consists of a pure dopant emission band
successful doping and decoupling of doping from possible nucle- \ithout any evidence of host (zZnSe quantum well) nanocrystal
ation and growth are indicated by several facts: the steady increasgmission.
of the photoluminescence_ (PL) intensity_from the doping centers Decoupling doping from nucleation and/or growth was realized
at about 530 nm, the fixed PL positions of the host ZnSe p \arying reactivity of the precursors and temperature for these
nanocrystals gnd the doping centers, and the gradual decrease O(gne-pot approaches. The doping process for Cu:ZnSe took about
the PL intensity of the host ZnSe nanocrystals. The regrowth of 150 min to complete (Figure 1, middle), which would become
ZnSe on the surface of the doping layer is also shown in Figure 1 \,ncontrollable without the decoupling technique.
(middle right). PL of the Cu:ZnSe nanocrystals is the recombination g4 Mn:ZnSe or MnSe:ZnSe. M is a harder Lewis acid
of an excited electron in the conduction band of a ZnSe host compared to Z#. Therefore, the M# precursor should be
nanocrystal and the hole from the d-orbital of a copper ion in. the significantly less reactive than Znif they both have the same
same nanocrystéh Thus, the PL of Cu:ZnSe nanocrystals shifts  ¢5hoxylate ligand. An opposite situation would be faced for Cu:
to red as the size of the host increases. ZnSe. For instance, zinc acetate (Zn(#Aeyas found to be a proper
Nucleation doping was realized by a mixed dopant and host pre- e cyrsor for the formation of MnSe:ZnSe nanocrystals (Figure 1,
cursor during the nucleation. After nucleation, the reaction condi- right, bottom panel) when manganese stearate (M)(®8s used
tions were tuned to be sufficiently mild to make the dopant precur- a5 the precursor for the nucleation stage. This allowed for a low
sors inactive, and the growth of the host became the only process, a5ction temperature (18®) verses the case for Zn(S(= 240
which overcoated the dopants. The concentration of the dopants inoc) for the growth of the ZnSe host shell. The higher reaction
the nuclei can be tuned by varying the precursor ratio. In an eXtremetemperature needed for Zn(Stpused the homogeneous nucleation
t University of Arkansas. of ZnSe, indicgted by the bano_l gap PL from pure ZnSe host
#NN-Labs, LLC. nanocrystals (Figure 1, bottom right).
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of high quality doped nanocrystals likely depends on where the
dopants are. Therefore, their thermal stability supports that the
mobility of the dopants in the lattice was low within the experi-
mental temperature range. A possible reason for the exceptional
camaied | thermal and environmental stability of the PL of the center-doped
20 . - Siz:f:lmj 57 and interna_l-doped nanocrystals may be due_to thed ttansition
Figure 2. TEM (left), XRD (middle), and dopant concentrations (right) of nature, Whlch does not Strongly COL.Jpl.e with the phonons and
surfaces, unlike a regular exciton emission.

MnSe:ZnSe nanocrystals. Scale Bai50 nm (5 nm for inserts). . - ] ) .
Thermal and environmental stability brings in noticeable advan-
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& _ [77%e Cuznge Winseznsd tages for nearly all applications using nanocrystal emitters. The doped
2100 | _ /_,,-——. 3 N AN nanocrystal emitters will be dramatically more durable upon their un-
g T = / avoidable thermal effects of LEDs and lasers. Environmental effects
£75 - 2 on PL of quantum dots have been a major barrier for their biomed-
E 50/ TR % ical applications. Reabsorption and Forster energy transfer should
= e T not exist between doped ZnSe nanocrystals because of their drama-
© 250;0 25 50 75 10 w00 500 600 tic Stokes'’s shift (Figure 1, bottom left). This feature makes the doped
Time in Air (min) Wavelength (nm) nanocrystals ideal candidates for las#idpar-codingt? and other
Figure 3. (Right) PL spectra of ZnSe-based emitters. (Middle) Stability aPplications where high concentrations of nanocrystals are needed.
of Cu:ZnSe in air. (Left) PL from doped nanocrystals at above DO In summary, results illustrate that decoupling doping from nucle-

ation and/or growth can be achieved.The color-tunable ZnSe based
emitters covers most of the visible window (Figure 3). The resulting
nanocrystals are one step further for green synthetic chemistry for
semiconductor nanocrystalsfrom greener methods to greener
products. These alternative emitters are not only less toxic than
CdSe based ones, but also much less sensitive to thermal and
environmental variations and do not render Forster energy transfer
and reabsorption. In addition to the potential applications as emitters,
these new nanostructures imply possibilities to build up complex
functions into a nanocrystal. For instance, the MnSe:ZnSe nanoc-
rystals may be of interest for spintroni£sCu:ZnSe may provide
unique opportunities to independently study quantum confinement
of the conduction and the valence band of nanocrystals.

The lattice fringes of the doped nanocrystals in the transmission
electron microscope (TEM) images run across the entire crystals with
no significant contrast variation (Figure 2, left (insets)). The X-ray
powder diffraction (XRD) (Figure 2, middle) and electron diffrac-
tion patterns all confirmed the crystals had a zinc blend structure
similar to ZnSe. Interestingly, the lattice constants of zinc blend
ZnSe and MnSe are almost identical. The pure MnSe core of MnSe:
ZnSe nanocrystals varied from about 1 to 4 nm without affecting
the PL brightness and structure. This feature and the quantum well
type of absorption spectrum indicate that these unique structures
may significantly differ from traditional doped nanocrystals,
although their PL properties are similar. The Mn content matched
well with the calculations by assuming uniform growth of pure ) ] ) ) )
ZnSe shell around a given sized MnSe core (Figure 2, right). Supporting Information Available: This work was partl_ally

The PL quantum yield of the doped nanocrystals was found to SuPPorted by the NSF. HRTEM was taken by K. Jones. Experimental,
be between 10% and 30% although the conditions were not therm_al,_and _chemlcal stability, apd more supporting results. This
necessarily ideal for optimal PL brightness. The PL peak position material is available free of charge via the Internet at http://pubs.acs.org.
of Cu:ZnSe nanocrystals can be readily tuned between about 470R
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