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Our currentresearch interests lie in thdevelopmentof novel materialghrough the assembly of
functional nanosale building blocks.During past years our group explora different routeswhich
included nananaterial synthesis, selissembly anelectronicstudiesof the nanocrystal arraysThese
works have beersummarized irmore than20 peerreviewedpublications Our group has developed a
generalizedsynthetic methodology for combining inorganic nanocrystal and nanowireswith the
molecular metal chalcogenid®CC) ligands €v18, cvl, cv3, cv5, cvl. That work turned colloidal
nanocrystals into arersatileclass of electronic materialsffering new directions fossolution procesd
light-emitting photovoltaic and thermoelectraevices We also reportedelf-assembly ofhanocrystals
into long-range ordereduperlattices witlaperiodicquasicrystallingpacking[cv16.

Single and multicomponent nanocrystal assemblies provide a powerful general platform for
designing programmable solids with tailored electronic, magnetic, and optical properties. Unlike atomic
and molecular crystals where atoms, lattice gegnmend interatomic distances are fixed entities, the
nanocrystal arrays represent ensembl es of Afdesi g
structure and transport propertigSenerally speaking,
nanocrystal assemblies can be considered raevel type
of condensed matter, whose behavior depends both o
properties of the individual building blocks awa the

Electronic coupling in
mmiianocrystal assemblies
q

many-body exchange interactions. 250 ]
Design of nanocrystal

Our research program combinetiemical synthesi§ A~ assemblies
[cv2, cvB, cvB, cv7, cv10, cv23, cv27, cv3l] and self R
assembly [c&, cv4, cv8, cvll, cvl3, cvl9 with

structural and electronic characterizatiof nanocrystal| . = Light
assemblies [&® cv7, cvl0, cvl2, cv1415, cvl1718, Synthesis of
cv20-26, cv28] (Figure 1).As two major research thrust{ — nanocrystal 10 i
. . . "modules” QDs
we explore the chemistry and physicgoverning self-
assembly of nanocrystals into lerenge ordered Al Device integration

superlattices andlevelop novel chemical strategiesfor | Figure 1. General outline of our research

; ; ; ; rogram. We explore the possibility of
strengthening thelectronic couplindetweenchemically 5es?gning fnetiona! meterials from preg’isely

synthesized nanocrystalsThe latter isnecessary fo | engineered nanoscale modules assembled

efficient charge transport and, ideallyan lead @ the | into ordered arrays. We also develop
inorganic molecular linkers that greatly

formation of collective electronic states (miniband's) | taciitate  the electronic  communication
the nanocrystal superlattices between individual nano-components.

I. Self-assemblyof colloidal nanocrystals into ordered superstructures

Recentstudies have demonstrated enormous structural diversity in multicomponent nanoparticle
assembliesleading to a multitude afomplexphasesombining semiconducting, metallic, and magnetic
nanocrystals into lonrgange ordered binarganocrystalsuperlatites (BNSLs) [1-3]. During lastfew
years weextensively studied BNSL formation [cvl, cv4, cv8, cvll], focusing onseveral aspects
described below



1.1.What is the driving forcef nanocrystakelfassembly
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Figure 2. (A) Calculated phase diagram for a binary

hard spheres with the size ratio 0.74 predicts no stable binary
phases pr (B) Self-assembly of PbSe and Pd nanocrystals with

the size ratio 0.74 yields six different binary phases
different temperatures and nanocrystal concentration
TEM images of self-assembled binary superlattices.

Experiment: PbS and Pd nanocrystals
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At present, there is noclear
undestanding of the processes that
govern the assembly of colloidal
nangarticles into complex

multicomponent structure©©n the other
hand, the physicsof sphere packing is
rather well understogdwith numerous
theoretical and experimental studies
outlining the effects of entropy-6], pair
potentials[7-11] and polydispersity12]
on the nucleation and growth of ordered
phases. To applythis framework to
colloidal nanocrystals, we nee
guanttative estimates for theterms
contributing to the free energy (
F=U-TS, Eq.l) associated with the
disorderto-order transition in nanocrystal
assembliesWe studiedthe hierarchy of

the energy scales acting during setcembly ohanocrystaleandhave shown that th&ructural diversity

of BNSLs is a result of the cooperative effect of the entdniyen crystallization and the interparticle
interactions. BothygdJ and Tgss terms associated with the superlattice formatiamethe sare order of
magnitude[cv4]. Moreover temperature can be used as the weighting factor for the internal eb@rgy (
and entropy $ contributions and allows tailoring the relative weights of the interparticle interactions and
free-volume entropy during thieermation of nanocrystal superlatticesn Amazing examplef this effect

is shown in Figure 2. Freenergy calculations
predict no stable binary phases for a mixture
hard spheres witlhe size ratio2=0.74 [L3],
whereas PbSe and Pd nanocrystals with me
formed six (!) different BNSL phses at
differenttemperatures [c\J4 Fromthe practical
side temperature provides a convenient tg
for directing seHassembly of nanocrystal
toward desiredNSL structures.

1.2. BNSL sructural complexity and self
assembly ofjuasicrystalline superlattices
We studied theformation of amazingly
complex binary structures from spherical irg
oxide and gold nanoparticles (Figug and

Figure 3.

isostructural with Archimedean tilings. All structures self-

assembled
nanocrystals.

3%,4,34

3’4

Periodic binary superlattices topologically

from 13.4-nm Fe;O3 and 5-nm Au

revealed thie topological connectiongo the
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Archimedean tilings, defined as the regular patterns
polygonal tessellation of algne by regular polygons
where only one type of vertex is permittgcy11]. The
Archimedian tilings are known as the unique
pseudomorphic phas#ésat cancombire both periodic and
aperiodic structuratlements 14,19.

Careful exploration oBNSL phase diagramallowed
us to extend the borders of selissemh to
quasicrystalline nanoparticle superlattices. Quasicrys| &
generate sharp diffraction peakswhile lacking any
translational symmetry ancbften showing symmetry | §
operations forbidden in classical crystallography. \| §
demonstrated that different mixtures of colloidal ,
nanocrystals can seKassemble into quasicrystallin{ rigure 4. Quasicrystalline superlattice self-
strucures wi t h 7 f o r-fold mtdtienalosyminéry| assembled from Fe.Os and Au nanocrystals.
(Figure4). Our work introduced a new class of materials with quasicrystalline drtierconpositional
flexibility of qualicrystalline BNSLsndicatedthat the quasicrystalline ordering could be a common
phenomenon in nanocrystal solid3ur workalsoshowed how the cooperative effecdf the freevolume
entropyand configurationaéntropy carlead tothe formation ofguasicrystalline phasdrom spherical
particles even in the absence of any directicioates[cv1l]. Nanopaticle quasicrystalbelped soling a
long standing problem about the possibility ofsmooth transition between topologically different
guasicrystalline and crystallipghasesWe observed thasuch transition requires t h i ng Al waeytetrion o f
(3%,4%) Archimedean tiling which matched both phases with a low concentration of interfacial defects.

Il. Transforming colloidal nanocrystals into a hovelclass of electronic materials

To employcolloidal nanocrystalsn electronic and optoelectronievices (e.g., in sat cells, light
emitting diodes oradiation detectolsit is necessary to establigfficient electronic communication
between individuahanocrystalsThe conduction imanocrystakolids involves charge transfer between
individual nanocrystalg16-18]. Surface ligands with lon@pydrocarbon chains, used for nanocrystal
synthesis, form highly insulatingterparticle barriersand result in a veryweak exchangeoupling
between thenanocrystals Charge transport can be improved by repladalky ligands with smaller
capping molecules such as pyridingyutylamine, etc., so that the electronic coupling between adjacent
nanocrysta increase$19,20. Also, chemical treatments ofanocrystalsolids with dilute soltions of
hydrazine, methylamine ot,2-ethareditiol can significantly improve carrier mobility, up to about
1cnfV's® [17,2124]. Unfortunately, such small linking molecules are volatile and sudigp to
oxidation, imparting instabilit in the electronic propertie©ur group has proposed entirely new
chemicalapproachor desiging electronic materialfom colloidal nanocrystals
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Colloidal nanocrystals with molecular metal chalcogenide surfgemds.

We identified a broad class of inorganic molecular speatds)cogenidometallat@intl ions or

molecular metal chalcogenide complexes (MGQblpat can be used as robust and electronically

transparent surface ligands for almost all known colloidal metal ssmlicondator nanostructures

(Figure 5) [cv3, cvb, cv6, cvl(. The unique advantage ®MCCs as the capping ligands for colloidal

nanocrystals is the possibility to convert them into

amorphous and crystalline metal chalcogenides W
semiconducting,  feredectric  or  phasehange
properties, thus linking individual nasmilding blocks
into a macroscopic assembly of electronically coup
functional modulesThis chemistry setew benchmarks
for electrical conductivity and electron mobility self
assembld nanocrystal solids. For examplethe
conductivity of a superlattice of Au nanocrystals capy
by SnSs* ligandsapproached 000S cmi* [cv5], which
is about four orders of magnitude higher than tk
highest previously reported value for Au nanocrys
arrays with conventional (organic) surface ligafi2fs .
We applied this synthetic methodology ®everal
materials systems, targeting different potent
applications of nanocrystal solids.

CdSe-In,Se,

solution
== high-mobility film

Absorbance, norm.

Figure 5. (A) Sketch of a CdSe nanocrystal (NC)
capped with Sn,Se” Zintl ions. (B) Stable
colloidal solutions of 3.6 nm CdSe NCs capped
with various metal chalcogenide complexes. (C)
From left to right: stable colloidal solutions
obtained by combining (N2Hs)aSn,Se with 3.6 and
5.8 nm CdSe NCs, 9 nm CdTe NCs, 5x60 nm
CdS nanorods (NRods), CdSe nanowires
(NWires, ~25 nm wide, 2-5 e m | ong) ,
Bi»S3z NRods, 5 nm Au NCs and 3 nm Pd NCs.
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Figure 6. High electron mobility in arrays of 3.9 nm

Spincoated arrays of CdSeanocrystal

capped with IsSe* MCC ligands exhibited
electron mobiliy higher than 1%nfV's?

CdSe nanocrystals bridged with In,Ses” Zintl ions. (A)
Drain current vs. source-drain voltage measured at
different voltages applied to gate electrode. (B)
Absorption spectra of CdSe-In,Ses” nanocrystals in
solution and in high-mobility film.

which was at least one order of magnitude
higher than the carrier mobility in best solution
processed organif26] and nanocrystabased
[16] devices [cvR | am not aware of any other
approach thatould provide a dense film of a

direct gap semiconductor with comparable carrier mobiiiya simple low temperature solutitvased
route. Moreover our high mobility nanocrystal solids preservéide properties of quanturoonfined
semiconductors (Figur@). High carrier mobility, combined with sizenable electronic structure, makes
MCC-capped nanocrystals very attractive fmintable electronicsphotovoltics, and photodetector

applicationdcv3, cvi0].

Lead and bismuth chalcogenide nanocrystals capped Shighe,” MCCswere used athe solube
building blocks for nanostructured thermoelectrimaterials [cv6]. Properly designed MCC bridges
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between nanocrystals can provitigh electronmobility andvery low thermal conductivitysupressedy

the interfacial phonon scatteringwhich is the combinationequired forhigh thermoelectric figures of
mer it (heznbdestiic. properties of oumranecomposite materials (ZT=0.7 and 0.6 at 300K and
523K, respectively) compared favorably to all previously reported solptiocessed thermoelectric
materials [c®], with the potential for further improvementEhis chemcad methodologyhas been
licensed byEvident Technologiednc. (NY). This companyauncheda development effortoward its
practical implementation for designing advanced thermoelectric materials.

2.2.  Charge transport in the arrays of me&gmiconductor narbeterostructures.

The dher direction ofresearchin our groupinvolves synthesis of heterostructured nanocrystals and
studies of charge transport through the arrays of these multifundhioitdihg blocks Figure7 shows an
example ofnancheterostructuresombininga magnett FePt core and semiconducting Pliels[cv7].

We explored such nanostructures as the building blocks_far
unprecedented  materials  combining magnetic  and
semicomlucting functionalities where the inter-component
interactions were additionally enforced bytight spatial
confinement T h e a r r @agretin-thesemitonductay
nanostructures showed semicondudyge transport propertieg
with magnetoresistance typical for magnetic tunnel junctig
thus combining the advantagetboth functional component;
[cv7]. Anotherexample ofmultifunctional materies has been
assembled fromcolloidal nancheterostructur® combining
plasmonicAu core and sernonducting PbS she[cv1?2]. In
Au-PbS coreshells we observed enhancement of 1 !
absorption crossection due tothe synergistic coupling
between plasmon and exciton in the core ahd shell, |Figure 7. Multicomponent nanocrystals
. . . . combining a magnetic (FePt) core and
correspondingly. Fieléffect devices with channels assembl{ semiconducting (PbS) shell used as the
from arrays of AuPbS coreshell nanostructures demonstrhtq building  blocks ~ for  multifunctional
strong ptype doping that we attributed to the formatiainan electronic materials.
intra-particle charge transfer complpvl?2].

Summary

Thesehighlightsrepresent a unified focus otir group in develomentof novel functional materials. The
ability to assembl@recisely engineered naiboilding blocks into complex, hybristructuress opening

the door to anew generation of complex materialbere compoents and functionalities can be added,
tuned or combined in a predictable manr@ur interdisciplinary approach, deeply rooted in synthetic
chemistry and materials science, addresBeth fundamental scientific problems amdalworld
challenges| expectthat new materials developed mur research group will be a source of rich new
chemistry and physics arwhn make an impact in electronics, photovoltaics, thermoelectrics and solid
state lighting.






