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Abstract: Electronic absorption spectroscopy has been used to study changes in Co?" ligand-field
parameters as a function of alloy composition in Co?*-doped Cd;-,Zn,Se nanocrystals. A shift in the energy
of the “T1(P) excited-state with alloy composition is observed. Analysis reveals that Co?*—Se?~ bond lengths
change relatively little as the host is varied continuously from CdSe to ZnSe, generating a large difference
between microscopic and average cation—anion bond lengths in Co?*-doped CdSe nanocrystals but not
in Co?*-doped ZnSe nanocrystals. The bimodal bond-length distributions observed here are shown to cause
a diameter-dependent enthalpic destabilization of doped semiconductor nanocrystals.

1. Introduction nanocrystals because of the diameter-dependent XRD peak
X-ray diffraction (XRD) is commonly used as a probe of broadening, increased risk of phase segregation, and extremely

composition in crystalline alloys. According to Vegard's law, Nigh surface-to-volume ratios in nanocrystals.

the lattice constants of an;ABLE solid solution determined In this study, we use C0 as a structural surrogate for Zn

by XRD should vary linearly with composition), Extensive to examine colloidal Cd ,Zn,Se nanocrystals in the range<0
studies have demonstrated very close adherence to Vegard'& < 1. Tetrahedral C& and Zr¥* are very similar: both are
law in bulk alloyed I-VI semiconductord. Extended X-ray ~ Substantially smaller than €ti(tetrahedral covalent radiiCo*",
absorption fine structure (EXAFS) spectroscopic measurementsl-197; Zr#*, 1.225; C@*, 1.405 A), the local C¥ and Zr#*

on some of the same-VI bulk alloys have revealed significant ~ Cation—anion bond lengths in Cto07ZnoesSe bulk crystals
differences between average and microscopic catiomon measured by EXAFS are nearly identical (2.483.005 and
distanced;"11 however, emphasizing that XRD is not sensitive 2.456+ 0.005 A, respectively§,and both ions have orbitally
to the microstructures of individual lattice points but instead iSOtropic ground states to first order. In contrast witi?Zor
reveals only structure parameters averaged over all lattice sitesC#F", Co?* has a partially unoccupied valence d shell and
Recently, Vegard's law has been applied to analyzeVil therefore exhibits sub-band gap electronic and magnetic transi-
A;_,B,E semiconductor nanocrystdfs1® This traditional ap- tions that are sensitive to its local coordination environment,
proach faces new complications when applied to alloyed @S described by ligand-field theory. Because of this featur&; Co
substitution has been widely used as a strategy for studyifig Zn

(1) Furdyna, J. K., Kossut, J., Vol. EdBiluted Magnetic Semiconductors metalloenzyme active sité&Recently, ligand-field transitions
Vol. 25 in Semiconductors and Semimetalgillardson, R. K., Beer, A.

C., Eds.; Academic Press: New York, 1988. have al_so been used _to monitor ZCcspeciation during the
(2) Boyce, J. B.; Mikkelsen, J. C. J. Cryst. Growth1989 98, 37—43. synthesis of doped semiconductor nanocrystals and, among other
(3) Balzarotti, A.; Czyzyk, M.; Kisiel, A.; Motta, N.; Podgoy, M.; Zimnal- . . S
Starnawska, MPhys. Re. B 1984 30, 2295-2298. things, have allowed distinction between substitutional and
) LY{@';OV{;':;&F;@,%g%‘g”g'f;i";;fgb"’“ka' K. Golacki, Z; Travers€em.  syrface-bound C9 ions on the basis of their different energies,
(5) Lawniczak-Jablonska, K.; Golacki, Acta Phys. Pol. A.994 86, 727— intensities, bandshapes, and sensitivities to surface-capping
735. iqation i {AE-19 i _fi ;
(6) Lawniczak-Jablonska, K.; Libera, J.; Iwanowski, RJJAlloys Compd. Ilgatlon n thesg two scenariés. Here, “gand field absorptlor_1_
1999 286, 89-92. spectroscopy is used to probe the effects of alloy composition
(7) Cali, Y.; Thorpe, M. FPhys. Re. B 1992 46, 15879-15886. it i i ; ;
(8) Pong, W.-F.; Mayanovic, R. A.; Bunker, B. A.; Furdyna, J. K.; Debska, \{arlatlop on mlch:?,COpIC bOIjldlng para_meters. Analysis of the
U. Phys. Re. B 199Q 41, 8440-8448. ligand-field transition energies of €o ions in Cd-xZnSe
(9) Motta, N.; Balzarotti, A.; Letardi, P.; Kisiel, A.; Czyzyk, M. T.; Zimnal- —
Starnawska, M. Podogomy. M. Cryst. Growth1985 72, 205209, nanocrystals reveals that the €e-S&~ bond lengths change

(10) Motta, N.; Balzarotti, A.; Letardi, P, Kisiel, A.; Czyzyk, M. T.; Zimnal-  relatively little across the entire range of compositieas < x
Starnawska, M.; Podgorny, Meolid State Commuri985 53, 509-512.
(11) Robouch, B. V; Kisiel, A.; Konior, 1. Alloys Compd2002 339, 1—17.

(12) Hanif, K. M.; Meulenberg, R. W.; Strouse, G.F.Am. Chem. So2002 (16) For a review, see: Maret, W.; Vallee, B. Methods Enzymoll993 226,
124, 11495-11502. 52—71.

(13) zZhong, X.; Feng, Y.; Knoll, W.; Han, MJ. Am. Chem. So@003 125, (17) Bryan, J. D.; Gamelin, D. RProg. Inorg. Chem2005 54, 47—126.
13559-13563. (18) Radovanovic, P. V.; Gamelin, D. R.Am. Chem. So2001, 123 12207

(14) Raola, O. E.; Strouse, G. Rano Lett.2002 2, 1443-1447. 12214.

(15) Sung, Y.-M.; Lee, Y.-J.; Park, K.-S. Am. Chem. So2006 128 9002- (19) Schwartz, D. A.; Norberg, N. S.; Nguyen, Q. P.; Parker, J. M.; Gamelin,
9003. D. R.J. Am. Chem. So2003 125 13205-13218.
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< ~1. These results demonstrate the existence of alternating
bond lengths in doped and alloyed nanocrystals. Such micro-
scopic bond-length variations are shown to destabilize doped

nanocrystals enthalpically with excess enthalpies that increase

as the nanocrystal diameter decreases.

2. Experimental Section

The synthesis of Gdx(Zn + Co)Se nanocrystals was adapted from
the procedure described recently for preparation of"@mped ZnSe
nanocrystalg® Zinc oxide (ZnO, 98%), cobalt acetate tetrahydrate Co-
(OAC)*4H,0, 98.0%, GFS), cadmium oxide (CdO, 99.5%, Strem), oleic
acid (OA, GgH3602, 97%, Acros), 1-hexadecylamine (HDA;¢El3sN,

90%, Acros), 1-octadecene (ODE;sH36, 90%, Aldrich), tributylphos-
phine (TBP, GxH./P, 97%, Aldrich), and selenium (Se, 99-%,
Aldrich) were purchased and used as received. In 16.0 g of ODE, a
solution of 0.2-0.6 mmol of ZnO, CdO, and Co(OAe}#H,0O at the
desired stoichiometry, 0-61.2 mmol of OA, and 6-1.6 mmol of HDA

was prepared and purged with, bt 120°C for ~1 h. A solution of
~2.4 mmol of Se and 4 mmol of TBP in 1.2 g of ODE was prepared
in a glovebox and stored under.Nr'he cation solution was heated to
310°C, and the Se solution was rapidly injected using a gastight syringe.
Following an initial drop in temperature after injection, the reaction
solution was stabilized at 27#B00 °C, where it was kept for several
hours until alloying had completed. The reaction solution was then
cooled, and the nanocrystals precipitated with a mixture of acetone
and ethanol, were centrifuged, and were resuspended in toluene. Th
process of precipitation with ethanol and resuspension in toluene was
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Figure 1. (a) 298 K electronic absorption spectra of colloidal CdSe (green),

ebdlfx(Zn + Co)Se (red), and ZnSe (blue) nanocrystals. (b) Powder XRD

data for CdSe (green), €dZnSe (red), and ZnSe (blue) nanocrystals,

repeated at least five times to remove excess reactants. These washedith vertical marks showing the anticipated peak positions for w-CdSe and

nanocrystals could be redispersed in nonpolar organic solvents. The

synthesis is highly sensitive to starting conditions and produces a poor

size distribution of particles, leaving substantial room for optimization.
Absorption spectra (298 K) of colloidal ¢d(Zn + Co)Se

nanocrystals were collected using 1 cm cuvettes and a Cary 500 (Varian)Cdl—inxse’ b=0.35

spectrophotometer. Powder X-ray diffraction data were collected using
a Rigaku Rotaflex RTP300 X-ray diffractometer. TEM images were
obtained using a JEOL 2010F transmission electron microscope. The
Co?*, Zr?t, and Cd" concentrations were determined quantitatively
using an inductively coupled plasma atomic emission spectrometer
(ICP-AES, Jarrel Ash model 955) after acid digestion of the samples.

3. Results and Analysis

3.1. Structure and Composition.Figure 1 summarizes (a)
electronic absorption, (b) powder XRD, and—Hg) overview
transmission electron microscopy (TEM) data for a series of
ZnSe, Cd-xZn,Se, and CdSe nanocrystals, all pseudo-spherical
with ~5 nm average diameters. The XRD data reveal that the
CdSe and Cd Zn,Se nanocrystals adopt the wurtzite (w) lattice

zb-ZnSe. Overview TEM images of (d)= 5.0 nm ZnSe, (djJd = 5.5 nm
Cdi-xZn,Se, and (el = 4.8 nm CdSe nanocrystals.

ZnSe, alloy, or CdSe and is the bowing parameter (for
)2

nS

Epe’ X = Ege W =0 + Eg0) —bx(1—% (1)

In Cdi-xZnSe nanocrystalsey also depends on the particle
diameter ¢). Modification of eq 1 to account for quantum
confinement is therefore necessary. To describe the size
dependence d&, in quantum confined alloy nanocrystals, eq 1

is recast as a function of bothandx, as shown in eq 2.

™ —bx1-x% (2)

From ref 22, the size dependencesgffor ZnSe is given in the
form of a power law expression. The literature expression is
rewritten in eq 3 for clarity.

ES'd, X = Ego — ) + Eof

structure, whereas the ZnSe nanocrystals have the zinc blende

(zb) structure. As anticipated, the band gap enekgyy ¢f the

Cdi—ZnSe nanocrystals is between those of the CdSe and ZnSe

2.08

ZnS _ =ZnS
Egn e[d] - Eg,l:o + D 3)

nanocrystals. The average ZnSe and CdSe nanocrystal diameters

(d ~ 4.8 and 4.6 nm, respectively) estimated from these
absorption spectra using literatét€? relationships between
diameter andgg are consistent with those estimated from TEM
(d ~ 5.0 and 4.8 nm, respectively).

In bulk Cdi—«Zn,Se alloys, the dependence®fonx is not
linear but instead it varies as a second-order equationas
described by eq 1, WheI’E'g’w is the bulk band gap for =

(20) Norberg, N. S.; Parks, G. L.; Salley, G. M.; Gamelin, DJRAmM. Chem.
Soc.2006 128 13195-13203.

The relationship betweeBy andd in CdSe nanocrystals has
been described previously using edt4yherei(nm) refers to
the wavelength of the first excitonic peak in the absorption
spectrum.

d=(1.6122x 10 H1* — (2.6575x 10 )13+
(1.6242x 10 %A2 — (0.4277). + 41.57 (4)

Equation 4 can be rewritten in a form similar to that of eq 3 as
shown in eq 5, wheren and C are floating variables.

(21) Yu, W. W.; Qu, L.; Guo, W.; Peng, XChem. Mater2003 15, 2854~
2860

(22) Smith, C. A.; Lee, H. W. H.; Leppert, V. J.; Risbud, S. Appl. Phys.
Lett. 1999 75, 1688-1690.
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(23) Poon, H. C.; Feng, Z. C.; Feng, Y. P.; Li, M.F.Phys.: Condens. Matter
1995 7, 2783-2799.
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EgdSTd] — EgiSe_i_ E (5) Cd,_(Zn+Co) Se

m 2+
d Co':ZnSe #\Co :CdSe

Fitting the experimental CdSe data of ref 21 with eq 5 yields
C = 1.83 andm = 1.06. Substitution of eqs 3 and 5 into eq 2
then yields eq 6, which can now be used to describe band gap
energy variations with alloy composition or particle diameter
in quantum confined GdZnSe nanocrystals.

Absorbance [a.u.]

allo _ CdSe 1.8 ZnSe 2.0
Eq [d, x] = (Eg’oo + W" Q—x+ (ng + dl_‘lij)x _

bx(1 —x) (6)

To test eq 6, it can be used to estimate the composition of
the alloy nanocrystals shown in Figure 1. Assumingis
independent ofl, a value ofx = 0.37 is estimated from the
TEM diameters and the Cl:denXSe absorption Spectrum in Figure 2. (a) Cot 4A2(F)"4T1(P) absorption spectrain colloidal %‘02:
Figure 1a using eq 6. Direct determination of the Cd:Zn ratio Egﬁ-gﬁ?sggen)’ CélusZno.4C00065€ (red), and Cbo.0:Zn0ssSe (blue)
by inductively coupled plasma atomic emission spectrometry
(ICP-AES) yieldsx = 0.38, and a value ok = 0.38 is also
estimated from the XRD data in Figure 1b using Vegard's law.

The excellent agreement among these three independent methods 30 =
for evaluation of the alloy composition provides strong evidence
in support of a random cation distribution in these Gdn,Se

T T T
I5 14 X 131 12
Energy [10"cm™]

nanocrystals. ec

3.2. Ligand-Field Analysis.Figure 2 shows the Cd “A, 20m i
— 4T4(P) ligand-field bands observed at 298 K in colloidal Qe G .
Co?t0.01:ZNg gsS€, Cd.49ZNo 4L ogSe, and C& oz CdoosSe = 41-, "/.-/'l
nanocrystals prepared by substituting the desired fraction®f Zn = 224
precursor with C&". In each case, the degeneracy of thé'Co 10 = L
4T1(P) excited state is broken by the spiorbit interaction, 20
giving rise to the majority of the structure seen in these spectra. . .
Comparison with absorption spectra of the correspondirfg-Co 4F 055 060
doped ZnSe and CdSe bulk mater#4f$ verifies successful 0 . DI‘I"B !

substitutional C&" incorporation into the ZnSe and CdSe -
nanocrystals. The GdeZny 4L osSe data in Figure 2 show 0.0 0.5 1.0 1.5 20

no superposition of ligand-field bands at different energies as Dq/B

would arise from coexistence of distinct CdSe and ZnSe Figure 3. Tanabe-Sugano diagram calculated for €ain a tetrahedral
microenvironments but instead show a single ligand-field band field (Bag = 591 cnt?, C/B = 4.57). Solid lines show quartet terms, and
with the same band shape but an intermediate energy. Thedashed lines show doublet terms. Inset: Expansion of the region probed

. X i imentally with points plottingmax(*A2 — 4T1(P)) from Fi 2.
observation that the peak width does not change with alloy experimentally with points plottingma("A2 1(P) from Figure

composition provides further evidence of random cation dis- s average environments was applied, which states that the
tribution in the alloy nanocrystals. The continuous increase in gffective Dq in a mixed ligand environment is approximately
the“T:(P) energy withx (see Supporting Information) suggests  gqual to the weighted average of thq values in each separate
that ligand-field electronic absorption spectroscopy might be ligand set (eq 7). Extension to the electragiectron repulsion
useful as a spectroscopic analogue of XRD for composition parameter (RacaB) is given in eq 8. This approach thus
determination in these and related alloy nanocrystals. assumes tha andDq vary linearly withx over the relatively

Ligand-field theory provides a clear understanding ofhe  smal| ranges sampled in the Eedoped Cd-,Zn,Se alloy series
— 4T4(P) transition energies in Figure 2. Figure 3 depicts the (Table 1).

d’ energy level diagram calculated for tetrahedrad"Gons by

diagonalization of the appropriate Tanat$ugano energy ~ _

matrices?® The results are plotted as the reduced energies of P ~ Dcas {1 = X) + Daznsex 7)

the various C8&' terms above théA, ground stateH/B) vs the B[X] A~ Begsdl — X) + BypsX (8)
reduced ligand-field strengtb¢/B). The ligand-field parameters

Dq and B are known for Cé" in both CdSe and ZnSe bulk The inset of Figure 3 compares the relevant portion of the

crystals and are provided in Table 1. To determine ligand-field energy level diagram on an expanded scale with the experi-
parameters for Co ions in the alloy nanocrystals, the “law” mental energies from Figure 2 and Table 1. Since the Racah
parameters for G0 in CdSe and ZnSe are very simild® &

(24) Tsai, T. Y.; Birnbaum, MJ. Appl. Phys200Q 87, 25—-29. 1 i 4 [P ;

(25) Langer, J. M.; Baranowski, J. MPhys. Status Solidi B971, 44, 155~ 599 vs 584 cm’, respectlvel%, the Tl(P) energies in Flgure
166.

(26) Tanabe, Y.; Sugano, 8. Phys. Soc. Jprl954 9, 753-766. (27) Dreyhsig, J.; Litzenburger, BPhys. Re. B 1996 54, 10516-10524.
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Table 1. Summary of Compositional, Ligand-Field Spectroscopic, and Microstructural Parameters for the Cd;—x(Zn + Co)Se Alloy

Nanocrystals

Cdo9sCoo02S€

(2% Co?*:CdSe) Cdo1Zn026C00.115€

Z1g,99C0p 01S€

Cdo.49ZN0.42C00 00S€ Cdo.41ZN0.46C00.135€ (1% Co?*:ZnSe)

0.39
12734

X 0.02
Ce* 4T4(P) 12720
(Emax cm?)
Dq (cm™1)
B(cm™)
acq® (A)
Bavg (A)

322.67
598.57
2.484
2.63

337.8
592.8
2.466
2.56

0.59
12898

1.00
13201

0.51
12800

3613
5839
2.433
2.45

345.8
589.8
2.454
2.52

342.8
590.9
2.459
2.54

aMean value, from eq 10 and = 5.5.

3 calculated using an averad® (591 cnt?) reproduce the

experimental energies reasonably well across the entire range

of compositions, justifying the use of eqs 7 and 8. The excellent
overall agreement between calculated and experimé&niép)
variations withx shown in Figure 3 verifies the suitability of
ligand-field theory for analysis of the spectra in Figure 2.

3.3. Co—-Se Bond Lengths.From crystal-field theory, the
parameteDq depends microscopically upon the methdjand
bond length &) as described by eq 9, whergis the effective
nuclear charge of the transition metal i@ris the charge of an

electron, andr® is the mean fourth power radius of the d
electrons for the transition metal ion under consideraifon.
Empirically, Dg 0O a™ with n = 5-6.231 From these

250 m

Bond Length [A]

245

240
T T T
0.0 1.0

relationships, eq 10 can be deduced and used to estimate the

change in average €o—Se&~ bond length #c.) across the series
of compositions in Figure 2.

&
= % rt 9

a . n/Dd
a Dqg
Using the values obq from Figure 3 and Table 1, eq 10 yields
aco(CdSe)acq(ZnSe)~ 1.023 q = 5)—1.019 o = 6). Com-
bining this result with the microscopic bond lengib,(ZnSe)
= 2.4334+ 0.005 A determined in Gdg7.Zno.9sSe bulk crystals
by EXAFS analysi$,ac, can be determined for the entire series
of x from the data in Figure 3 and Table 1.
The bond lengthac, are plotted as a function ofin Figure
4 forn =5.5in eq 10. The dashed lines show that the results
for n =5 and 6 differ little because of the small overall change
in Dq between the two endpoints. Figure 4 also compargs
with the average catieranion bond lengthsag,g determined
from XRD and Vegard’s law. The striking conclusion derived
from this analysis is that the increase ap, from C" ooz
Zno.9Se Bco(ZnSe)= 2.43 A) to CE 02 Cdy 9sS€ Bco(CdSe)
~ 2.48 A) is very small compared to the changeaig be-
tween the same two end pointg{ = 2.45 A andacq = 2.63
A). The C@+—Sé& bonds elongate just0.05 A betweernx ~
1 andx = 0 or only 28% as much as the elongatiorai, The

Co*"—Sé~ bonds thus distort considerably less witthan
would be inferred from XRD.

Dq

(10)

(28) Figgis, B. N.; Hitchman, M. ALigand Field Theory and its Applications
Wiley: New York, 2000, and references therein.

(29) Lever, A. B. P.; Walker, I. M.; McCarthy, P. J.; Mertes, K. B.; Jircitano,
A.; Sheldon, RInorg. Chem.1983 22, 2252-2258.

(30) Hauser, AJ. Chem. Physl1991 94, 2741-2748.

(31) Bray, K. L.Top. Curr. Chem2001, 213 1-94.
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Figure 4. Cation—anion bond lengths as a function of compositignin
Cdi—x(Zn + Co)Se alloy nanocrystalsacq = C#"*—Se&~ bond length.
azn = Zn?*—Seé~ bond lengthaa,g = average cationanion bond length
from XRD and Vegard's law, andco = Co?"—Se*~ bond length obtained
using eq 10 anch = 5.5 (see text). The red broken lines depict g
values obtained using = 5 and 6.

Because C¥ and Zr#™ have very similar bond lengths in
C?to.07Zng.035€° it is reasonable to infer a similar dependence
on x for both ac, and az,. Additionally, becausea,g is the
weighted average of the constituent bond lengdiagcan also
be estimated. The results of this analysis are summarized in
Figure 4, which illustrates a bimodal bond-length distribution
in which aco & azn < acq for all x in Cdi—«(Zn + Co)Se
nanocrystals.

These conclusions drawn for alloyed nanocrystals agree well
with those drawn from systematic EXAFS analyses of related
bulk ternary I-VI alloys8 For example, the increase of
Co?*t—Sée bond lengths by only 28% of the average cation
anion bond length increase in Cg(Zn + CokSe agrees well
with the conclusion from bulk studies that catioanion bond
lengths typically change by only 225% of the average values
across the full alloy rang&The value ofac(CdSe)= 2.484 A
estimated from the ligand-field analysis also compares reason-
ably well with the value ofic(CdSe)= 2.43+ 0.01 A obtained
from analysis of EXAFS data for CbosCdogsSe® The
discrepancy betweeso(CdSe) values determined by analysis
of EXAFS and ligand-field absorption data (Figure 4) is
substantially smaller than the differences between both and
acq in CdSe. Finally, the assertion that the conclusion drawn
for Co?™ also applies to Z# is supported by EXAFS results
for Cdi—xZncTe bulk alloys, which reveal Zi—Te*~ bond
lengths that change only20% as much agayg across the full
alloy range ézn-1e = 2.670 A andacg-T1e = 2.790 A in
Cdy.sZno.1sTe, Vsazn_1e = 2.641 A in ZnTe andicq_te = 2.802
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A in CdTe)® ! In general, therefore, the two spectroscopic
approaches agree well.

3.4. Implications of Bimodal Bond-Length Distributions
for Nanocrystal Doping. The observation of alternating bond
lengths summarized in Figure 4 has important general implica-
tions for the synthesis of doped semiconductor nanocrystals.
Impurity/host cation size mismatches have been suggested

Lh
o

]
o

previously as important factors in nanocrystal doping by
colloidal chemistry techniqué<.1832In one example, Cg ions
were found to be readily incorporated into ZnS nanocrystals
during growth but under identical conditions were found to bind
to CdS nanocrystal surfaces only after CdS growth sloilég.

Since the ZnS and CdS nanocrystals prepared by this method

other than crystal morphology, a factor recently proposed to
explain the different doping chemistries of wurtzite CdSe and
cubic ZnSe nanocrystals by Nih33 In the case of C¥:CdS,

AH, (d)/AH, (8 nm)
Lh
(=]

6 7 8

5
TMZ2*:CdSe QD Diameter, d [nm]
are both cubic, their doping differences must arise from sources Figure 5. Diameter dependence of excess enthalpy of mixifitl(d))

1 2 3 4

for incorporation of a single T®f impurity ion into a CdSe nanocrystal of
diameterd. Values are normalized tAH,(8 nm).

Cc?:CdSe in a way that has no analogue irfC@nSe, which

spectroscopic studies of surface-bound intermediates suggestetlas better cation size compatibility.

that strong surface binding requires formation of a second
Co?"—S* surtacebond and that formation of this bond can be
very slow relative to CdS growtH:18

Even after an impurity T ion binds strongly to a crystal

It is important to note that Mit-doped CdSe and ZnSe both
suffer from equally large bond-length mismatches because
Mn2t—Se*~ bond lengths happen to fall roughly betwessy
and azn. For this comparison, EXAFS studies of 10% #¥n

surface, it still may not be readily incorporated into the internal CdSe have yieldedyn(CdSe)= 2.54 A8 and those of 15%
volume of the growing nanocrystal because of increased crystalMn2*:ZnSe have yieldedwn(ZnSe)~ 2.55 A8 from which
solubility in the locale of the impurity, i.e., lattice destabilization [AHL(Mn2™:CdSe)[/AH'w(Mn?":ZnSe)] ~ 1 is estimated.
caused by the impurity. Inhibition of crystal growth by impuri- Clearly, other factors are also important determinants of the
ties has been widely document&dincluding inhibition of relative doping efficiencies of CdSe and ZnSe nanocrystals by
I1—VI semiconductor nanocrystal growth by isovalent impuri- Mn2*. This conclusion is consistent with the observation that
ties1® To quantify the lattice destabilization affected by such increased anion concentrations during synthesis will favo¥™Mn
an impurity, the excess enthalpies of isovalent impurity mixing incorporation into CdSe nanocrystéafs.
(AHp) in ternary alloys have been investigated experimentally  Finally, we note that eq 11 provides a simple explanation
and theoretically>~37 In its simplest form, the excess enthalpy for the diameter dependence of nanocrystal doping and, hence,
of mixing can be described using eq3#/where the interaction  for the driving force for nanocrystal “self-purificatiod®Figure
parameter 2 (kcal/mol), is proportional to the square of the 5 plots the mixing enthalpfH,(d) for incorporation of a single
difference between catieranion bond lengths at the two TM2" dopant into various CdSe nanocrystals of different
endpoints AE and BE in the /ABE alloy composition range,  diameters, normalized t4Hy(8 nm). The plot shows a rapidly
i.e., Q2 O (aae — age)? Sizable bond-length differences such as increasing excess enthalpy of mixing as the nanocrystal diameter
those observed in Figure 4 can thus contribute substantial excesslecreases and is remarkably similar to that calculated by density
enthalpy disfavoring dopant incorporation into a growing functional theory (DFT) methods in ref 38. For example, Figure
crystallite. For illustration, the relative enthalpies of mixing for 5 suggests that the enthalpic cost of dopirdy=a 1.4 nm CdSe
Cc?™:.CdSe and C&:ZnSe at a fixed value of can be estimated ~ nanocrystal is approximately 6.2 times greater than that for
from eq 11 as shown in eq 12. doping ad = 2.6 nm nanocrystal, compared with the value of
5.8 calculated by DFT. Because a diameter-independgat (

AH,, =x(1 —x)Q (12) — agg)? has been assumed for Figure 5 (an assumption validated
) by the DFT bond length resuf§, this trend arises ultimately
AH, " (A — agp) (12) from the corresponding increase in effective dopant concentra-

tion as the nanocrystal diameter is reduced. According to eq
11, excess enthalpies of mixing associated with bimodal bond-
length distributions such as those shown in Figure 4 therefore
clearly favor doping of larger rather than smaller nanocrystals.

R . 2
AH'y, (@'ae — agp)

Usingage = aco(ZnSe)= 2.43 A, a'ge = ac(CdSe)= 2.48
A, age = azn = 2.45 A, anda'se = acqg = 2.63 A (Table 1), a
value of AH(C?™:CdSe))/AH'n(Cc?:ZnSe)]~ 39 is esti-
mated. The relatively large difference betweer# CeSe~ and
Cc?*—Sé bond lengths described by Figure 4 thus destabilizes

4, Conclusion

In summary, the C& *A, — *T1(P) ligand-field transition
energies of Cd «(Zn + Co)Se alloy nanocrystals have been
found to vary smoothly with the composition parameter,
Quantitative analysis reveals a bimodal distribution of cation
anion bond lengths in the alloy nanocrystals and hence
substantial differences between average and microscopic struc-
tures. Such bimodal bond-length distributions cause a diameter-
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dependent enthalpic destabilization of doped nanocrystals that Note Added after ASAP Publication: Due to a production
undoubtedly contributes to the difficulties sometimes encoun- error, equation 10 incorrectly displayed n times the square root,
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