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Colloidal nanocrystal heterostructures in which two or more chemically distinct inorganic components
are epitaxially fused together provide new opportunities in developing multifunctional building block
materials. The ability to synthesize structurally and chemically well-defined nanocrystal heterostructures
can provide novel combinations of unique properties arising at the nanometer length scale. Here, we
examine the structural evolution of inverse spinel iron oxide/CdS nanocrystal heterostructures with respect
to the sizes of both components. The crystal structure and the crystallinity of the initial iron oxide are
first identified by a combination of X-ray diffraction and Raman scattering measurements. Studies on
the size effect suggest lattice-strain-induced limitations on the achievable sizes of CdS within the
heterostructures. Because of this limitation, increasing the amount of Cd/S reagents leads to multiple
particle nucleation on individual iron oxide nanocrystals rather than continued growth. Larger sizes and
a limited amount of the CdS component can be achieved by starting with small iron oxide nanocrystals.
These results suggest that exploiting lattice strain may be a viable approach to obtaining heterostructured
colloids with nanoscale precision.

Introduction size-tunable optical propertiésTo synthesize structurally
. o and chemically well-defined heterostructured NC colloids
Colloidal nanocrystal (NC) heterostructutesnsisting of - yith which many breakthrough technologies may be envi-
two or more inorganic phases provide novel approaches ingjoned, it is necessary to have an in-depth understanding of

engineering materials’ properties. A variety of unique aspects o interfaces form at the nanometer length scale.
arising at the nanometer length scale from enormous surface |, synthesizing both core/shell and anisotropic (e.g.

areas to quantum-confinement effects may be combined tOdimers, trimers, etc., of two or more types of materials)

achieve unprecedented multifunctional capabilities. For cqipidal NC heterostructures, the first key requirement is
example, simultaneously achievable magnetically directed ,eyenting separate homogeneous nucleation of the second
motion and fluorescence imaging with heterostructured NCS g rganic phase. To promote nucleation of the second phase
may find use in b|omeQ|caI apphcatloﬁsnt_rlcate ordergd on the surfaces of the first phase, the surface capping
structures may be reahzeq by a (;omblnatlon of electrically, molecules should not be bound too strongly such that they
magnetically, and/or chemically directed assemiiééave-  interfere with the heterointerface formation and the interfacial
Ien.g.th tunable photovolt'alc and php?ocatalytlc materials .Wlth chemistry of the two phases must be compatible. Especially
efficient charge separation capabilities may also be achievediy ¢rystalline systems, interfacial strain arising from lattice
with heterostructures incorporating semiconductor NCs with yismatch will also become an important and, in certain cases,

a determining factor. In the absence of intentionally intro-
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is a large overall lattice mismatch but there exist coincidence
site lattices between two crystalline materials under consid-
eration, anisotropic structures (e.g., dimers where two nearly
spherical particles are fused together with only one junction
plane on each component) may be obtaihéd.the size of

the NCs becomes smaller, lattice-mismatch-induced strain
may be relieved through processes such as surface relaxatio
For example, the better accommodation of interfacial strain
may explain the successful ZnS shell growth on small CdSe
NCs but not on larger onés.

In our previous repott,we have attributed the interface
formation between iron oxideHVI semiconductor NCs
leading to anisotropic heterostructures to the third scenario,
where coincidence latticéplay an important role. However,

Kwon et al.

acetonate [Cd(acag)to the reaction mixture of iron oxide NCs as
described previousl§ Briefly, after S powder was added to the
reaction flask containing iron oxide NCs at 100, a solution of
Cd(acag), 1,2-hexadecanediol, and trioctylphosphine oxide (TOPO)
in 1 mL of octyl ether was injected dropwise at 8D. The amount

of S powder was varied as indicated. The amount of Cd(acac)
was adjusted to keep a molar equivalent of S powder. The amounts

Mt 1,2-hexadecanediol and TOPO were both adjusted to be 3 mol

equiv of S except for the two lowest Cd/S reagent concentration
cases (conditions A and B indicated in Figure 4), for which they
are kept at 4 mol equiv of S. After 10 min of stirring at 80, the
reaction mixture was heated to 280 and annealed for 30 min to

1 h. The final products were obtained by precipitating with ethanol
and redissolving in chloroform. For studies on different average
sizes of the initial iron oxide, the concentrations of Cd/S reagents

even the most abundant (111)/(111) coincidence planes ofare scaled by the inverse per NC volume ratio with respect to the

inverse spinel iron oxide and CdS have a non-negligible
mismatch of 4.4% on the basis of the bulk lattice parameters.

Because the mismatch of the coincidence lattices is smaller

condition that give rise to the highest yield of dimers fer&nm
diameter iron oxide (condition D in Figure 4). For example, 33
mg of S powder and 330 mg of Cd(acawere used fo~5 nm
diameter iron oxide, which is 4.1 times (i.e., (8 nm/5 Bnthe

than that in the CdSe/ZnS system where a core/shell type,mounts used for the8 nm diameter case (8 mg of S powder and

structure is formed, the (111)/(111) coincidence interface may
be expected to be energetically favorable at small sizes.

80 mg of Cd(acag).
Synthesis of Iron Oxide/CdS NC Heterostructures from

However, as the size of one or both components becomesdLiquid Reagents.Appropriate amountsfd M trimethylsilyl sulfide

larger, the build up of the lattice strain may lead to structural
evolution and/or limitations (analogous to quantum dot
formation via the StranskiKrastanow mechanism in het-
eroepitaxy). In addition, the crystallinity and the crystal
structure of the particles may vary at nanometer length scales
especially for iron oxides, which have several known

crystalline phases. Here, we present studies on the effects,

of crystal structure, crystallinity, and crystallite size on the
structural evolution of inverse spinel iron oxide/CdS colloidal
NC heterostructures.

Experimental Section

Synthesis of Inverse Spinel Iron Oxide NCsStandard airless

(TMS,S) in trioctylphosphine (TOP) as indicated were injected
dropwise first to the reaction mixture of iron oxide NCs at £00
150°C. One molar equivalent of dimethylcadmium (}el) (1 M
solution in TOP) was then added dropwise to the reaction mixture
at 60°C. After 10 min of stirring at 60°C, the reaction mixture
Wwas heated to 280C and annealed for 1 h.

Characterization of Heterostructures of NCs. Transmission
lectron microscopy (TEM) samples were prepared with a dilute
chloroform solution of NCs on Cu grids coated with thin carbon
film (Tedpella Inc.). TEM analysis was carried out with JEOL 2010
LaB6 and JEOL 2010F both operating at 200 kV. Rigaku Geigerflex
with a D-MAX system was used to acquire powder X-ray diffraction
(XRD) patterns. Raman measurements were performed with a Jobin
Yvon HR 800 micro-Raman spectrometer using 633 nm laser
excitation. The laser power was 0.1 mW at the sample with a spot

techniques were used in all syntheses. Reagents were used a§jze of ~1 um using a 10& objective. For laser-induced phase

received. Inverse spinel iron oxide NCs were synthesized following
ref 88 Briefly, iron oxide NCs~8 nm in diameter were synthesized
by injecting 0.2 mL of Fe(CQ)into a solution containing 1.47
mL of oleic acid and 11 mL of octyl ether that was vacuum-
degassed at 10TC for at least 30 min. The reaction mixture was
then refluxed at~290 °C for 1 h. To synthesize iron oxide NCs
~5 nm (~12 nm) in average diameter, we used 0.98 mL (1.47
mL) of oleic acid and 7 mL (14 mL) of octyl ether. Chemically
oxidized iron oxide NCs were synthesized by adding 0.34 g of
(CH3)3NO as described in ref 8.

Synthesis of Iron Oxide/CdS NC Heterostructures from S
Powder and Cd(acac). Iron oxide/CdS NC heterostructures were
synthesized by direct addition of S powder and cadmium acetyl-
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A. V.; Alivisatos, A. P.J. Am. Chem. S0d997, 119, 7019. (d) Li, J.
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M. B.; Peng, X. GJ. Am. Chem. So2003 125 12567.
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Verlag: Berlin, 1970. (b) Brockman, A.; Balluffi, R. WActa Metall.
1981 29, 1703. (c) Trampert, A.; Ploog, K. HCryst. Res. Technol.
200Q 35, 793(d) Li, B. Q.; Zuo, J.-M.Surf. Sci.2002 520, 7.
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Soc.2001, 123 12798.

transformation, samples were exposed to a 15 mW laser with the
same spot size. For both XRD and Raman measurements, all
samples were transferred into g-filled glovebox immediately
following the reaction and all precipitation/redissolution was carried
out using anhydrous solvents. Samples were prepared by drop
casting a concentrated solution of NCs in chloroform on glass slides.
The solvent was evaporated in vacuo, and the powder samples were
sealed under a Natmosphere.

Results and Discussion

Iron oxide has several well-known crystal structures.
Because the synthesis of heterostrcutured NC colloids begins
with the formation of iron oxide NCs, we first discuss the
crystal structure and the crystallinity of the starting iron oxide
NCs. Implications on the inorganidénorganic interface
formation and therefore on the overall morphology of
heterostructured NC colloids are considered. We then discuss
the size effect on the structural evolution of iron oxide/CdS
NC heterostructures. The results of increasing the amounts
of Cd/S reagents to examine the effects of increasing size
of the CdS components on a fixed size of initial iron oxide
NCs are presented first. The effects of the initial sizes of
the presynthesized iron oxide NCs on the overall morphology
of the anisotropic NC heterostructures are then presented.
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heterostructures. The XRD peaks are expected to broaden
with decreasing size of the crystallites and an average size
can be estimated using the Deby@cherrer equatiotf.
However, iron oxide NCs in all samples are of similar sizes
(7—8 nm), as shown in the TEM images for the presursor
and chemically oxidized NCs. The narrowing of XRD peaks
is then from the improved crystallinity rather than from
increasing crystallite siz&. The addition of Cd/S reagent
and subsequent annealing step leads to crystallinity of iron
oxide in NC heterostructures similar to that of chemically
oxidized NCs.

Whereas the significant differences in the linewidths of
XRD patterns help to identify that the iron oxide NCs are
10 20 30 40 50 60 70 80 80 partially amorphous prior to CdS reagent addition, we cannot

20(9) distinguish between E@, andy-Fe,O; from XRD measure-

Figure 1. XRD and TEM images of (a) precursor iron oxide NCs without ments alone, becauseFe0; is a defective form of F©,
chemical oxidation prepared bythe method described in the experimental (vacancies in the cation octahedral sites) and therefore nea”y
section, (b) “chemically oxidized” iron oxide NCs using (gsNO, and id ical XRD b df h id
(c) iron oxide/CdS NC heterostructures. The standard XRD patterns for /d€ntica patterns are observed for the two oxides.
y-Fe0s, Fe04, and wurtzite and zinc blende CdS were drawn from JCPDS  Raman spectroscopy has been a powerful tool in identifying
tively. . f S
ey have been obtained on samples that have been sealed inside

A. Crystal Structure and Crystallinity of the Initial ? Nzla.tm.osptrr:ereﬁantt:i k?pt ,Slfil,ed Ql:jrmgdthbe measurements
Iron Oxide NCs. In the absence of oxidizing agents, thermal F‘? m|n|2|zeh ee tﬁc ‘;O oxiaa |0nt|n ufce yar e.xposur%.
decomposition of Fe(CQ)is expected to lead to Fe(0), Igureé za shows [he Raman Spectra of precursor iron oxide

presumably in the amorphous or partially amorphous state.,NCS N_7 nm in diameter. Th? bottom curve is obtained
Iron oxide NCs used here are synthesized by thermal |mmed|.ately after the synthesis ona samplg that ha; been
decomposition of Fe(C@)n the presence of organic capping sealed in a Blatmosphere. The major feature is the relatively
molecules and subsequent exposure to reagents for Cd

darrow peak at 670 cm that corresponds to the;fmode
formation. Many of the introduced reagents during the

of Fe;04.122The second and third curves from the bottom
synthesis can lead to (partial) oxidation. Furthermore, similar

are obtained after breaking the seal and allowing the sample
iron oxide NC synthetic methods reported to date have led to be aerated. The gradual broadening via the appearance of
to different structures. Namely, both4&a andy-Fe,0; have

the feature at-700 cn1! corresponds to the apppearance of
_ 12h, i
been reported?® Therefore, we have first characterized the 7 Fe;0s."*>¢The sample evolves from magnetite {Bg) to

product of Fe(CQ)thermal decomposition in oleic acid and maghemite g’FEZO;) over tlmde because of 0);|dat|on mhalr.
octyl ether (i.e., same conditions as NC heterostructure 'S €xpected, bot R, and y-Fe0; transform to the

synthesis but prior to the addition of reagents for CdS thermodynamically more stable hematite-ke;0s) upon

growth) and then compared these results to those of NCsEXposure to a h!ghl;!ntens;ty lad€re as shown in the
that have undergone intentional chemical oxidation via Uppermost curve in |gur§ a. o )
(CHs)sNO, which have been reported to leadjtdre0s.8 Raman spectra of chemically oxidized NCs are shown in
We refer to the former as “precursor” iron oxide NCs and Figure 2b. The average size of these NCs-a8enm, similar

the latter intentionally oxidized NCs as “chemically oxi- t0 the sample in Figure 2a. The bottom curve in Figure 2b
dized.” corresponds to measurements on a sample that has been

Figure 1 shows the XRD patterns and the TEM images of Séa@léd in a i atmosphere and kept sealed during the
the precursor and the chemically oxidized iron oxide NCs. Meéasurements. The upper curve is the same sample after
The uppermost curve is the XRD pattern of iron oxide/Cds aeration. Interestingly, chemical oxidation with (gNO
nanocrystal heterostructures. To be able to characterize, agctually Ieads to K, which converts tg-Fe,0s upon air-
closely as possible, the structure of the NCs in the reaction ©Xidation. The chemically oxidized NCs also undergo a
mixture, we have sealed samples inside,diled glovebox ~ ransition to thea-phase upon irradiation with a high-
immediately following the synthesis to minimize undesirable INtensity laser. In Figure 2c, Raman spectra of iron oxide/
postsynthesis oxidation in air, and the seal is broken only at €4S NC heterostructures with as7 nm average diameter
the beginning of the XRD measurements. All three samples
exhibit XRD patterns of inverse spinel iron oxide §Bg or (10) Erzi(;\rieﬁoﬁ-sxéﬁgiy ?:i:ggr%tg)nhi s"; rﬂ:ﬁfclisécl?%&fe%gystalsy and
v-Fe:0s) crystal structure. The precursor NCs exhibit broader (19) (a) AIF,)Asmar, R; Eerblantier,.G.; Mailly, F.; Gall-Borrut, P.; Foucaran,

linewidths than both the chemically oxidized NCs and the A. Thin Solid Films2005 473 49. (b) Kim, J. P.; Davidson, M. R.;
Holloway, P. HJ. Vac. Sci. Technol., B003 21, 2048. (c) Ferblantier,
G.; Mallly, F.; Al, Asmar, R.; Foucaran, A.; Pascal-DelannoySEns.

(c)
Cds (ZB)

CdS (W)

Intensity (Arb. Unit)

(9) (a) Woo, K.; Hong, J.; Choi, S.; Lee, H.-W.; Ahn, J.-P.; Kim, C. S; Actuators, A2005 A122 184.
Lee, S. W.Chem. Mater2004 16, 2814. (b) Casula, M. F.; Jun, Y.- (12) (a) Shebanova, O. N.; Lazor, P.Raman Spectros2003 34, 845.
W.; Zaziski, D. J.; Chan, E. M.; Corrias, A.; Alivisatos, A. P.Am. (b) de Faria, D. L. A.; Silva, S. V.; de Oliveira, M. Tl. Raman
Chem. Soc2006 128 1675. (c) Peng, S.; Wang, C.; Xie, J.; Sun, S. Spectrosc1997, 28, 873. (c) Varadwaj, K. S. K.; Panigrahi, M. K;

J. Am. Chem. So006 128, 10676. Ghose, JJ. Solid State Chen2004 177, 4286.
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Figure 2. (a) Raman spectra of precursor iron oxide NCs without intentional chemical oxidation. From bottom to top curves: without air exp@i)re (Fe
after air exposure (RO, to y-F&0O; transition), further air exposure (mainjyFe:0s), and after 2 MW/crhilaser exposureo-Fe;Os). Note that the transition

to a-Fex03 can be observed at laser intensitg30 kW/cn?. (b) Raman spectra of iron oxide NCs chemically oxidized without air exposure exhibitiay Fe
(bottom curve) and after air exposure exhibiting maiphire,Os (top curve). (c¢) Raman spectra of iron oxide/CdS heterostructures without air exposure
exhibiting FeO,4 (bottom curve) and after air exposure exhibiting maiplfFeOs (top curve). All measurements were conducted at low laser intensity, as
indicated in the text.

iron oxide component are shown. The bottom curve corre-
sponds to a sample sealed in adtmosphere and kept sealed
during the measurements. Again, the,Aode at 670 cmt
indicates that the iron oxide is predominently;Bg!?ab
Similar to both the precursor and the chemically oxidized
iron oxide NCs, there is a transition toFe0O; with air
exposure and ta-FeOz upon high-intensity laser exposure.
It is interesting to note that the epitaxial attached CdS does Figure 3. TEM images of FeD4/CdS NC heterostructures synthesized from

. (&) low concentration, (b) intermediate concentration, and (c) high
not alter the transformation of K@, to y-Fe,0s as well as concentration of Cd/S reagents. The amounts of Cd/S reagents-@) (a

aser-induced transformation e03. We also note thal correspond to conditions A, D, an in Figure 4, respectively. Hetero-
I duced t f tion toFe0;. We al te that pond d A, D, and F in Figure 4, resp ly. H
in all three cases, the air-induced:Ggto )/-F6203 transition structures are circled in (a). The insets are high magnification images.

seems to continue over several weeks to months at room . .
sections as we discuss how the overall structure of NC

temperature. . i . .
The above observations indicate the following about the heterOJunctlon colloids evolves with CdS content and the

nature of iron oxide NCs during the synthesis of anisotropic initial Fe;04 NC size. . . .
NC heterostructures. Prior to Cd/S reagent addition, NCs are  B- Structural Evolution with Increasing CdS Content.
predominently Fg0, and partially amorphous. Annealing at In an attempt to examine how increasing the size of the CdS

elevated temperatures with Cd/S reagents leads to increase§ompPonent affects the morphology of the heterostructured
crystallinity of FeO, NCs. Only after the postsynthesis air NCS: We have first extended our previous approach using S

exposure is there a conversion 0tBgto y-Fe0;. We note ~ Powder and Cd(acackimply by increasing the amount of
that our previous assignment pfFe,0; in NC heterostruc- these reagents added to a fixed size and concentration of
tures was made on the basis of air-exposed sarfiples. F&0Os NCs. However, the initial aggregation of NCs upon
Whereas we now assign & to the as-synthesized NC S powder addition complicates the situation. These results
heterostructures on the basis of the above Raman measurd!®M S-powder-based synthesis are discussed first. To
ments, our treatment of coincident junction planes and the Circumvent this aggregation issue, we have extended the

interfacial lattice strain remains the same, because the twoSYNthesis utilizing liquid reagents, namely, Th&sand Me-
forms of iron oxides have inverse spinel structure with Cd, and a discussion on the results of these studies follows.

essentially identical lattice parameters. Although the iron ~ S-Powder-Based SynthesisSlEM images of NC hetero-
oxide components eventually convertjteFe,0s, we refer structures obtained with increasing amount of Cd/S reagents
to the iron oxide Component asfen for the remainder of are shown in Figure 3. In the lowest concentration (Figure
this paper for simplicity. The partially amorphous Fe-rich 3a), many particles are isolated;8g NCs, as expected, but
oxide NCs are likely to aid the initial adsorption of S, which there are also a significant number of dimersl8%) and

in turn promotes surface heterogeneous nucleation rather tha®ligomers ¢-6%). In the intermediate case (Figure 3b),
isolated homogeneous nucleation of CdS, consistent with ourdimers are predominant-61%). At higher concentrations
previous obsrevatiénthat CdS growth on chemically (Figure 3c), similar yields of isolated particles-34%),
oxidized NCs (which are also more crystalline) leads to a dimers (-33%), and oligomers~+33%) are observed. We
significantly reduced yield of heterointerfaces. However, this refer to any NCs that have three or more particles fused
incomplete crystallinity leads to a question of whether CdS together as oligomers. In all conditions examined, the
is epitaxially grown on the initial ©; NCs or further ~ predominant interfaces are (111)/(111) with aligned zone
crystallization of the initial oxide is induced after crystalline axes, consistent with our previous report.

CdS has already formed (and therefore@zeorients with Different amounts of S powder and Cd(agdo)synthesize
respect to CdS). This question is addressed in the following F&O,/CdS heterostructures for a fixed size«g nm) of
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Fe;04 NCs are labeled A through F in Figure 4. TEM images 100 . . . — -
in Figure 3a-c correspond to conditions A, D, and F, ::?iﬂit;d(%’
respectively. Condition D (0.25 mmol of each reagent or 8 I @ Oligomers (%)
mg of S powder and 80 mg of Cd(acgdp the amounts of

Cd/S reagents that lead to the highest yield of dimers
(~51%)® The amounts of S and Cd(acaaye varied from
1/8 to twice the amounts used in this condition. The relative }
yields of isolated particles, dimers, and oligomers are shown® 20
for different reaction conditions in Figure 4. The vyields for

each type of particles are obtained on the basis of more thar 0
300 NCs counted from TEM images for each reaction

oo
(=]

stribution (%)
& 8

%

0.06 0.13 0.25 0.31 0.47

A B c D E F
condition. As the amount of Cd/S reagents increases, the Amount of Cd/S reagents (mmol)

yield of isolated particles decreases frefi7 to~20% until
condition D but then increases slightlyt85% with higher amounts of Cd(acag)s powder. Cd and S reagents are 1:1 molar ratio in
Cd/S reagent amounts. This trend of initial decrease followed all cases.

by an increase can be explained by the fact that at low Cd/S,

Figure 4. Distribution of isolated particles/dimers/oligomers for different

reagent concentrations, the majority of the isolated particles
are FgO,, whereas a significant amount of isolated CdS NCs |
begin to be nucleated at high Cd/S reagent concentrations

whereas the oligomer yield increases monotonically. Al- g
though the increase in relative yields of oligomers upon §
increasing the Cd/S reagents may be expected, interestingly i
the average size of the CdS component remain essentially
constant. The average size of CdS component synthesizec
at the lowest concentration of Cd/S reagents (condition A)
is 4.6 nm, whereas the average size is 4.7 nm in the highest
concentration case (condition F). This is in contrast to the
expectation based on thermodynamic driving force to
minimize the surface-to-volume ratio.

The limited size of CdS may be explained by the build
up of lattice strain. That is, beyond a certain size, there is
too much lattice strain such that growth stops and the =
nucleation of new particles is favored. However, the situation gﬁ,:-' :
with solid S reagent becomes complicated because of the 1
initial partial aggregation of NCs. Note that in Figure 3c,
oligomers consist of multiple E®, NCs interconnected by 100

CdS NCs. We suspect that this is the result of the initial ) Isoiated (%)
S-induced aggregation. This aggregation of NCs is an & 80 ; Dimers (%) .
advantage in that it prevents or minimizes separate homo- 2 Oligomers (%)
geneous nucleation of CdS. but the high local Cd/S reagent .2 & r
concentration for all conditions makes it difficult to conclude 3 40
whether or not the build up of lattice strain limits the size of '-E [
CdS component. Therefore, we have examined a synthetic @ o |
route that utilizes liquid reagents as discussed below.

Liquid Cd/S Reagent-Based SynthesisFigure 5a-d ol M.

: 0.05 01 0.2 0.5
shows TEM images of RE®,/CdS NC heterostructures
synthesized using different amounts of Tp#Sand MeCd. _ _ Amount of CdS reagents (mmol) _ .
All syntheses start with similarly sized¢B nm) FeOs NCs, (F;%r_%g; (E)ES’_'f}i?%S,ztff;ﬁ?“(’f)d&“ﬁrﬂifeégitﬁ%‘}tﬁs&iyé‘mﬂﬁeu)s'"g
and the predominant interface in the heterostructures is agairistribution of isolated particles/dimers/oligomers for different amounts of
(111)/(111) with aligned zone axes. In Figure 5e, the MexCd/TMSS. Heterostructures are circled in (a). The arrows in the insets
distributions of isolated particles, dimers, and oligomers for gtn(a) and (b) point to the CdS component. Scale bars in the insets are 5
each concentration of TMS and MeCd are shown. In the '
lowest concentration of TMS and MeCd (0.05 mmol of essentially no isolated individual particles. Figure 6 compares
each in the reaction mixture), heterostructures with very small the average size of CdS particles in NC heterostructures from
(~2 nm) CdS are observed, as shown in Figure 5a. IsolatedS-powder-based and liquid-reagent-based syntheses. In the
particles observed are all individual&a NCs in this case. S powder synthesis, the size of CdS particles remains
Increasing the concentration of TMSand MeCd leads to constant; this is most likely due to partial aggregation, which
a slight increase in CdS patrticle size in heterostructures andcauses a high local concentration of Cd/S reagents, even in
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8 . — reagents to be fixed because of the aggregation si€¢C

70 Bt s oo upon S powder addition. Our observation of the initial

sl | increase in CdS size at low concentrations followed by
'g slr. + i 1 multiple particle nucleation rather than continued growth in
Py MEP QS 9-- -¢ the liquid-reagent-based synthesis is consistent with the idea
b 4rly 1_ d___ 1_+ ] that the size of CdS patrticles is limited by the built up lattice
9 3t +’ . strain.
o,|

C. Structural Evolution with Increasing Initial Fe 304
NC Size.To examine this potential effect of lattice-strain-
0 o induced size limit further, we now discuss how the initial
0 01 02 03 04 05 06 size of the FgO, NCs alters the overall morphology. Similar
Amount of Cd/S reagents (mmol) to all previous cases, (111)/(111) interfaces with aligned zone
Figure 6. Size of CdS in heterostructures for different amounts of Cd/S axes are the largest number of heterojunctions observed for
rgagents using Cd(acatS powder (circles) and MEJ/TMS;S (squares). all sizes of starting RO, TEM images of FeD,/CAS
Lines are guides for the eyes. . g . B
heterostructures with different sizes of;Bg are shown in
the low concentration limit studied here. However, in the Figure 7a-c. Both~5 and~8 nm diameter F©, NCs lead
liquid reagent synthesis, there is a noticeable increase at lowto predominantly dimer type heterostructures. However, there
concentrations and the structures approach a (slightly smaller)is a striking difference between the two cases. The smaller
size similar to that in the S powder synthesis in the high FeO, NCs lead to heterostructures that have a significantly
concentration limit. larger CdS component. The heterostructures consisBef
The most striking difference between the S powder 12 nm diameter CdS particles when the initiak®gis ~5
approach and the liquid-reagent-based synthesis is that thexm, as opposed to a maximum CdS size eb4hm for the
oligomers in S-powder-based approach consist of multiple larger ~8 nm FgO.. When the size of the initial E®, is
NCs of both types, whereas essentially all oligomers observedincreased further te-12 nm, the maximum size of the CdS
in the liquid reagent synthesis have only a singlgdzéNC. component remains at4 nm
This difference may be explained by the fact that the S  These observations may be explained by considering that
powder addition induces initial partial aggregation of®Gge smaller NCs can relieve or accommodate interfacial strain
NCs. This complication prevents us from analyzing how more effectively. When the size of the initial §& NCs is
increasing the size of CdS affects the morphology of the small, CdS can nucleate and grow to relatively large sizes,
heterostructured colloids. The liquid-reagent-based synthesisas exemplified in Figure 7a, where CdS grows to be about
circumvents this complication and reveals that multiple CdS twice as large as the initial E®; NCs. Increasing the size
particle nucleation rather than continued growth of CdS of the FgO, NCs limits the maximum growth size of the
occurs upon increasing the amount of Cd/S reagents. TheCdS component due to lattice strain. Increasing the amount
maximum size of CdS NCs observed in heterostructures with of Cd/S reagents leads to additional nucleation of CdS
7—8 nm FgO4 NCs is~4 nm in the liquid reagent synthesis. particles rather than continued growth of existing particles
This size is similar to the size of CdS particles observed in because of this limitation. Combined with the fact that the
all concentrations examined with S-powder-based synthesisjunction planes exhibit preferred orientation of coincidence
for which we anticipate the local concentration of Cd/S planes, these observations are consistent with lattice-strain-

-
T

Figure 7. TEM images of NC heterostructures consisting of{&) nm Fe04/8—12 nm CdS, (b)»8 nm FgO4/4—5 nm CdS, and (c}~12 nm FeO.2—4
nm CdS. Insets are corresponding higher magnification images. Inset of (a) also shows the FFT pattern obtained from the larger particlet todieating i
wurtzite CdS. (d) Schematic of structural evolution of heterostructures with the initial size;0f REs.
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induced size limits and suggest that CdS grows epitaxially heterostructures. For f@&, NCs with diameters larger than
on FeO, even if the initial FeO, NCs are partially ~7 nm, lattice strain prevents CdS growth beyond nm
amorphous. and the addition of excess Cd/S reagents leads to multiple
CdS particle nucleation on individual &, NCs. Reducing
Conclusion the size of the initial Fg, NCs allows epitaxial growth of
We have shown that the size of NCs is a critical factor in Significantly larger CdS NCs. These results demonstrate the
determining how the morphology of NC heterostructures POSsibility of engineering multicomponent NC heterostruc-
evolves. The studies carried out here help to elucidate thelures with nanometer precision by exploiting lattice strain
mechanism of heterojunction formation, which in turn is induced by heterointerfaces.
necessary in developing rational and controllable approaches
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