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Program Scope: Our SISGR program studied an emerging class of nanomaterials wherein different
combinations of semiconductor or semiconductor and plasmonic nanocrystals (NCs) are self-assembled
into three-dimensional multi-component superlattices. The NC assemblies were designed to form
bicontinuous semiconductor NC sublattices with type-Il energy offsets to drive charge separation onto
electron and hole transporting sublattices for collection and introduce plasmonic NCs to increase solar
absorption and charge separation [Fig. 1]. Our group is expert in synthesizing and assembling an
extraordinary variety of artificial systems by tailoring the NC building blocks and the superlattice unit cell
geometry. Under this DOE BES Materials Chemistry program, we introduced chemical methods to control
inter-particle distance and to dope NC assemblies, which enabled our demonstration of strong electronic
communication between NCs and the use of NC thin films as electronic materials. We synthesized,
assembled and structurally, spectroscopically, and electrically probed NC superlattices to understand and
manipulate the flow of energy and charge toward discovering the design rules and optimizing these
complex architectures to create materials that efficiently convert solar radiation into electricity.
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Fig. 1 TEM image of a binary nanocrystal superlattice at low resolution
and (inset, left) high resolution of 8 nm CdTe:4 nm CdSe assembled in a
MgZn; structure (inset, upper right). This NC assembly exemplifies
materials studied to create a type-ll energy offset and electron and hole
transporting sublattices (inset, bottom right).



1. SYNTHESIS OF SEMICONDUCTOR NANOCRYSTALS

1lI-VI NCs - High-quality 1I-VI semiconducting NCs were synthesized by hot-injection methods? in the
Murray group. Syntheses were tailored to achieve a high degree of monodispersity of particles and
provide the widest possible range of sizes. This level of control is very important for assembly of NCs into
ordered structures [section 3] and for optical and electrical characterization, as it reduces site-to-site
dispersion of electronic levels within a NC film, allowing the fate of photoexcitations to be tracked
spectroscopically (Kikkawa)® [section 6] and high mobility charge transport to be probed electrically
(Kagan/Kikkawa)* [section 7]. These NC were also used as building blocks to demonstrate the first NC
integrated circuits (Kagan)® [section 8].

By refining seeded growth techniques, CdSe/CdS dot-in-rod NCs of varying core and shell size and shape
were synthesized by the hot injection of CdSe NC seeds into a reaction pot with precursors for the growth
of CdS shells. By tuning the free ligands which are present in the reaction solution, in this case by
introducing phosphonic acids, the shell was grown preferentially along the c-axis of hexagonal CdS. These
dot-in-rod NC building blocks were used to explore the assembly of shape-engineered NCs and their
optical anisotropy (Murray/Kagan) [sections 3 and 5].°

IV-VI NCs - Similarly high-quality, monodisperse IV-VI semiconducting NCs were also synthesized in the
Murray group.”® The Pb-chalcogenide NCs were used to demonstrate dip-coating of large-area
superlattices® (Murray/Kagan) [section 3], to develop hybrid ligand engineering strategies to increase the
carrier mobility-lifetime product for NC optoelectronic devices (Kagan) [section 2], and the intentional
control of non-stoichiometry to n- and p-dope NC assemblies!®!! (Kagan) [section 4]. Early in the project
these systems were studied for their photoconductivity in striped NC superlattices? and by FET
measurements, wherein the observed ambipolar charge transport was exploited to realize the first
discrete NC circuits.®® These systems were subsequently used to probe the evolution in charge transport
mechanisms with increasing carrier concentration and to design n-type and p-type NC materials for CMOS
electronics and photovoltaics** (Kagan) [sections 7 and 8].

I-11I-VI NCs — Chalcopyrites are a promising class of
heavy-metal free semiconductors for solar
photovoltaics, however synthesizing high quality
chalcopyrite NCs has remained a challenge. We
developed a synthesis of monodisperse chalcopyrite
CulnSe; NCs using metal salt precursors and an air-
and room-temperature-stable chalcogen source in T L e
selenium (IV) oxide. Careful elemental analysis shows Fig. 2 STEM image of CulnSe2 NC monolayer (scale
this synthesis produces NCs that are nearly bar30nm).(b)High-resolution TEM image (scale bar
stoichiometric and STEM and high resolution TEM 5 nm) and (c) it’s fast Fourier transform for a single
images show the NCs are tetragonal bypramidal in NC.

shape [Fig. 2]. X-ray diffraction measurements confirmed that samples had size dispersions < 8%. These
tetragonal byprimidal CulnSe; NCs are promising building blocks for solar energy conversion, and their
self-assembly and photoconductivity are described in section 3. This work was published in ACS Nano 7,
4307 (2013).%°

2. NANOCRYSTAL LIGAND EXCHANGE TO CONTROL INTERPARTICLE DISTANCE AND COUPLING IN THE SOLID STATE

We employed both small organic ligands (e.g. alkyl and aryl mono- and di- thiols, amines, and acids) and
the more compact, inorganic ligands (e.g. chalcogenides, hydroxides, halides and the pseudohalide
thiocyanate) that we, under the DOE program, and the community has introduced to exchange the long,
insulating ligands commonly used in NC synthesis.'®*2® In particular the Kagan and Murray groups



collaboratively introduced the
compact ligand thiocyanate, which
provides short interparticle
spacing and allows strong inter-
particle coupling, which led to
important  breakthroughs in
charge transfer and transport in
the NC solid state [Fig. 3]. This Fig. 3 (Left) Schematic of ligand exchange by treatment with NHaSCN.
work was published in the Journal (Right) Biphasic mixtures of hexane and DMSO with as-synthesized NCs on
of the American Chemical Society the left of each pair and NCs treated with NHsSCN, washed, and re-
133, 15753 (2011). Solution-phase dispersed in DMSO with hexane added on top on the right for: (left to right):
Au, ZnSe, and CdSe NCs.

ligand exchange (prior to thin film
deposition) with thiocyanate was used to prepare high mobility CdSe NC samples for optical and electrical
measurements that probe the flow of excitations and carriers in strongly coupled NC systems [sections 6
and 7] and to demonstrate NC integrated circuits [section 8]. Solid-state ligand exchange (after thin film
deposition) with the range of small organic and inorganic ligands was used to demonstrate high mobility
n-type and p-type IV-VI NC thin films and enhanced power conversion efficiency in solar photovoltaics
[section 4] and to explore the evolution from hopping to band-like transport with increased NC coupling
and doping [section 7].

We also introduced a stepwise, hybrid (a)

=

ligand-exchange method for lead
chalcogenide nanocrystal (NC) thin films
using the compact-inorganic  ligand

thiocyanate (SCN) and the short-organic )
ligand benzenediothiolate (BDT). The ‘1_3;-/1 sl crss Tahis

compact SCN ligand is effective at reducing s @ ) L 5 e
interparticle distance to yield high carrier i) T Vokagev]

mobility thin films, but a low surface Fig. 4 (a) Schematic of (black) as-synthesized PbE (E=S, Se) NCs
coverage of SCN ligands generates a greater and ligand exchange with (blue) BDT, (red) SCN, and (purple) the
concentration of surface states.* The long hybrid SCN-BDT strategy used to enhance carrier mobility and
|e!'1gth of I?DT ligands .creates NC thi.n films lifetime in NC thin films. (b) I-V curves of PbS NC thin film solar
with relatively large interparticle distance cells treated with (blue) BDT, (red) SCN and (purple) SCN

and therefore IOYV mobility and COI’\dUCtIV.Ity, followed by BDT (dash line) in the dark and (solid line) under
but BDT passivates NC surface sites | o
supporting long carrier lifetime.?>? By Hllumination.

sequentially treating lead chalcogenide NC thin films with SCN and BDT [Fig. 4a], we increase both carrier
mobility and lifetime by decreasing interparticle distance and passivating surface states. We
systematically studied the effects of these ligands on the electronic and optoelectronic properties of NC
thin films using spectroscopic and device measurements. Using this hybrid ligand exchange method, we
successfully showed an enhanced mobility-lifetime product of majority carriers, enabling the
demonstration of high-performance photoconductive photodetectors, and of minority carriers, resulting
in improved efficiencies in photodiodes for light harvesting [Fig. 4b]. This work was published in Chemical

Communications 53, 728 (2017).”
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3. NANOCRYSTAL ASSEMBLY AND PROCESSING

Murray and Kagan developed and employed a number of coating and assembly routes to integrate
semiconductor NC thin films onto rigid and flexible substrates, allowing the realization of new structures
and morphologies of NC superlattices, and the exploration of fundamental physical properties through a
wide range of structural, optical, and electrical measurements.

Nanocrystal Membranes- The Murray group developed a novel and general method based on the liquid-
air interfacial assembly of single and multi-component NCs to grow centimeter-scale, uniform superlattice
and BNSL membranes that can be readily transferred to arbitrary substrates [Fig. 5].2 Our method
circumvents the limitations associated with the current assembly strategies, enabling integration of large-
scale single-component superlattice and BNSLs on any substrate for the fabrication of NC-based devices.

Fig. 5 (a) Schematic for
the interfacial liquid-air
assembly of BNSLs. NCs
are mixed, dopcast onto
a polar liquid, forming
organized assemblies
during slow
evaporation, and are
subsequenly

transferred to arbitrary
substrates. Bi-
continuous BNSLs were
formed in the (b) MgZn:
phase form PbTe and
PbS NCs, (c) NaZnis
phase with PbSe and
PbS NCs and (d) CaCus
phase with two
different  PbSe NC
components.

The ability to transfer BNSLs also allows the construction of free-standing membranes and other complex
architectures that have not been accessible previously.

Compared to the growth of single-component superlattices, the assembly process for BNSLs is more
complicated, with a number of distinct pairwise interactions (van der Waals, dipolar, Columbic, etc)
combining with hard sphere space-filling rules to drive the self-assembly of multi-component NCs. Existing
methods to grow BNSLs rely on the evaporation of a binary NC solution on a solid substrate. Our method
is based on drying-mediated self-assembly of multi-component NCs on an immiscible liquid surface,
enabling the growth of macroscopic BNSL membranes with no substrate restrictions under ambient
conditions. To grow BNSL membranes, a drop of hexane solution containing NCs with selected sizes and
concentrations was spread over the surface (~ 1.5 x 1.5 cm?) of diethylene glycol (DEG) in a Teflon well
[Fig. 5]. The well was covered with a glass slide and hexane was then allowed to evaporate over 5-10 min,
resulting in a solid film supported on the DEG subphase surface. To transfer BNSLs, a substrate was placed
under the floating film and then gently lifted up. In this way, centimeter-scale BNSL membranes can be
readily transferred to the substrate after drying. In a typical assembly process for an AlB,-type BNSL
membranes consisting of 11-nm PbS and 5-nm PbSe NCs, 10 L hexane solution of PbSNCs (~ 6 mg/mL) is
mixed with 10 uL hexane solution of PbSe (~ 3 mg/mL) NCs in a vial. The mixed NC solution was then
spread on the surface of DEG in a Teflon well (~ 1.5 x 1.5 x 1.5 cm?) and allowed to slowly evaporate
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forming a solid membrane in 5-10 min. Fig. 5(b-d) show
representative BNSLs formed by the membrane transfer process
by mixing different combinations of Pb-chalcogenide NC
compositions and sizes to form different BNSL structures.

The ability to transfer BNSLs also allows the construction of
unique architectures such as free-standing membranes, which
are ideal structures to fabricate devices free of substrate-
induced interference. Fig. 6 shows a free standing BNSL
membrane and highlights the organization of the two NC
components at an unzipping along the structure. The ability to
transfer NC superlattices and BNSLs enables the fabrication of
NC-based devices as well as complicated architectures, which
we utilize in our measurements below, and will accelerate the
exploration of this new and important class of materials. As a
demonstration of the potential for these techniques to produce
device-scale films, we recently used the membrane assembly
method to fabricate the active layer of single-component PbS  [LETSEEsES

nanocube films for circuits on flexible plastic substrates.® Fig. 6 TEM image of free standing BNSL
membrane. Highlight along the crack, the
unzipping of the two ordered NC
components is seen.

Nanocrystal Stripes - In contrast to the slow drying of NC
dispersions on the immiscible liquid interface to form smooth
NC superlattices and )
BNSLs, described above, (@) S " sTm""o" (b) Contactne 5;’%“70"
we found on this )
immiscible liquid interface
an unusual, yet universal
dynamic assembly
phenomenon that enables Striped film
the formation of
centimeter-scale,
periodically ordered stripe
structures of NC =
superlattice films that @%ﬁ:ﬁ;(d)
form quickly within 15 %O.QC _
sec.’? Our method is based s0s

on a far-from-equilibrium
assembly process that
occurs during the rapid
drying of a NC dispersion,
for example of NCs in Ffig, 7(a) Snapshot of striped NC superlattice formation growing from the solution
alkanes on an immiscible front at the subphase edge. Red arrow indicates the film sliding direction. (b)
polar organic subphase, Proposed mechanism of pattern formation, showing the oscillatory motion of the
that is general for NCs of contact line at the subphase edge inducing the stripe formation. The first- and
different size and shape secondformed stripes, labeld by "1" and "2" and arrows to represent sliding motion.
(inset) Photo of striped film composed of 10 nm Fe304 NCs transferred to a SiO2/Si
wafer showing the film iridescence. (c) Photo of striped 7 nm PbTe NC superlattice
and inset, the TEM micrograph of the component PbTe NCs. (d) SEM micrograph
highlighting a single ridge of a NC stripe. (e) Multilayer films formed by sequentially
transferring two striped films of 6 nm FePt NCs in orthogonal directions.

50 pm

and is similarly compatible
with the transfer and
integration of striped NC
superlattice  films  on
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arbitrary substrates. Fig. 7(a) shows a snapshot as the striped NC structure emanates from solution at
subphase edge. The highly periodic stripe pattern is formed by a novel contact-line instability, as depicted
schematically in Fig. 7(b). The periodic NC superlattices formed on the liquid subphase are readily
transferred to substrates as shown by the inset. Fig. 7(c) shows an example of the striped NC membranes
composed of PbTe NCs. The stripes formed are of uniform height and pitch (as we have shown by AFM)
and remain well ordered, as seen in the SEM image [Fig. 13(d)]. The thickness of the ridges consist of
terraced NC superlattices varying between 2 and 10 NC layers (depending on the concentration and
volume of the NC dispersion), while the underlying film can be adjusted from monolayer, bilayer, to
multilayer. The periodicity of the stripes is tunable at micron scales by varying the NC concentration. The
ability to transfer the membranes to substrates allows us to stack these stripes NC membranes on
substrates. For examples, Fig. 7(e) shows two NC striped membranes stacked orthogonally. The design of
NC structures on multiple length scales opens an exciting avenue for the large area design of NC materials
for devices and we have used these architectures to probe structuring NC absorbers for photoconductivity
[Section 6]. This work was published in Nano Letters 11, 841 (2011).

Assembly of Shape-Engineered NCs — Deposition of NC dispersions on both solid (drop-cast) and liquid
interfaces were used to assemble shape-engineered NC superlattices. For example, the tetragonal
byprimidal CulnSe; NCs self-assembled into three-dimensional, ordered arrays upon drop-casting
dispersions. Fig. 4 shows a TEM image highlighting the face-to-face packing of NC facets and inset, the
selected-area wide-angle electron diffraction reflects the single-crystalline assembly. SEM imaging shows
this ordering of the NCs extends through the

three-dimensional volume of the film [Fig. 8] “""““{\\‘1 d.
[Published in ACS Nano 7, 4307 (2013)].* These “““\
shape-engineered NC assemblies allow high— “\““ \\\\
density packing of NCs to fill space and are
photoconductive, introducing desirable target
NC building blocks that utilize the three- :
dimensional volume of the film for high @ W
absorptivity and that have large interfacial areas : '
and crystallinity for high mobility transport.

Homeotropic Hexagonal

Shape-control was further exploited by using R S %%—
g, (A 1) Smectic Lamellae

monodisperse colloidal dot-in-rod nanorods to &
self-assemble  large-area  smectic, liquid- Fig. 8 TEM image of (a) a colloidal dot-in-rod sample.
crystalline superlattices.” Using the liquid- Assembly of the nanorods on (b) diethylene glycol and (c)
interfacial self-assembly technique, but varying water subphases. (d) Schematic of homeotropic ordering
the liquid subphase used for self-assembly [seenin (b)] and smectic ordering [seen in (c)] and example

allows the orientation of nanorod superlattices small-and wide-angle x-ray scattering measurements used
to be tuned from nearly complete vertical to provide a complete description of interparticle ordering
and a quantitative description of nanorod alignment in

alignment to nearly complete horizontal ) i
three dimensions.

alignment [Fig. 8]. We show that the surface
tension of the subphase is strongly correlated with the orientational ordering of the nanorod
superlattices. Detailed structural studies using grazing-incidence small-angle x-ray scattering (GISAXS) and
grazing-incidence wide-angle x-ray scattering (GIWAXS) measurements revealed that the crystal axes of
individual nanorods are co-aligned along specific zone axes of the superlattice assembly.



We probed the optical properties of individual >.1.0 -
. . . . . o vertical
superlattices in different orientations by o= 4
. . - c alignment
measuring and mapping the polarization- @os |
. 540-66-06-0-0009
dependent photoluminescence by confocal ]
techniques. Polarized excitation measurements -
. 0.0

were correlated with real space imaging of the
same spots by electron microscopy. Vertically-

Bol. Rrgle Pesd

aligned superlattices show no in-plane 1.04
P : o & horizontal
polarization [Figs. 9a,b]. However, the excitation E ] X
of horizontally-aligned nanorod superlattices 505 alignmen |
showed large optical anisotropy aligned along - i
the nanorod long axes. [Figs. 9c,d]. This work =]
demonstrates that the unique optical properties o 0.04, . .
120 180

of isolated NCs can be preserved and collectively
directed in long-range superlattices and oriented
with respect to the substrate. The orientation of
transitions dipoles and polarization control in
anisotropic NC building blocks promises a route
to control the flow of energy and excitations in
single and multi-component NC superlattices.
This work was published in Chemistry of Materials 27, 2998 (2015).°

PoI Angle (deg.)

Fig. 9 (a) Vertlcally aligned nanorod array and (b)
corresponding polarized excitation PL measurement from
the same spot, as a function of polarizer angle. (c)
Horizontally-aligned nanorod superlattice with the
corresponding polarized excitation measurement (d).

Quasicrystalline nanocrystal superlattices with partial
matching rules - We worked to expand the library of self-
assembled superstructures and provide insight into the
behavior of atomic crystals and support the development of
materials with mesoscale order. We built on recent findings of
soft matter quasicrystals and reported a quasicrystalline binary
nanocrystal superlattice that exhibits correlations in the form
of partial matching rules reducing tiling disorder. We
determined a three-dimensional structure model through
electron microscopy [Fig. 10], electron tomography and direct

Fig. 10 Self-assembled binary NC
superlattices with quasiperiodic and periodic
order. a—c, Low-magnification TEM image

imaging of surface topography. The 12-fold rotational
symmetry of the quasicrystal was broken in sublayers, forming
arandom tiling of rectangles, large triangles and small triangles

(a), SAED pattern (b) and high-magnification
TEM image (c) of a dodecagonal quasicrystal
self-assembled from 6.8nm CoFe204 and
12.0nm Fe304 NCs. d,e, Low-magnification

with 6-fold symmetry. We analyzed the geometry of the
experimental tiling and discuss factors relevant for the
stabilization of the quasicrystal. Our joint experimental-computational study demonstrated the power of
nanocrystal superlattice engineering and further narrowed the gap between the richness of crystal
structures found with atoms and in soft matter assemblies. This work was published in Nature Materials
16, 214-220, (2017).%°

TEM image and SAED pattern (inset).

Large-area dip-coating of Single and Multi-Component Nanocrystal Superlattices - We showed that dip-
coating, a desirable method for NC thin film deposition, could be used to assemble ordered, single- and
multi-component NC superlattices. These NC superlattices are polycrystalline and can be deposited over
arbitrarily large wafer scales. For example, we showed a PbSe NC superlattice deposited over 100 mm
substrates. The dip-coating technique was extended to deposit other single component superlattices,
from spherical NCs of Bi and CoFe;0, and cubes of MnFe;0,4, and to binary nanocrystal superlattices
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Fig. 11 Dip-coated BNSL assemblies of: 5.4 nm PbSe and 3.4 nm PbS (a) in a CaCu, structure and (b) in a MgZn,
structure, (c) 8.2 PbSe and 3.4 nm PbS in an AIB, structure, and (d) 8.4 nm PbSe and 3.4 nm PbS in an NaZn,,
structure. Scale bars are 20 nm. (e, f) Lower magnification images of the CaCu, structure. (g) GISAXS of CaCu,

structure with insets of transmission SAXS (left) and higher resolution TEM (right) [scale bar: 20 nm].

(BNSLs). Dip-coating allowed the formation of BNSLs
having different unit cell geometries, including
CaCus, MgZn,;, AIB;, and NaZnis, structures,
exemplified by assemblies constructed from
different sizes and molar ratios of PbS and PbSe NC
building blocks [Fig. 11a-d]. Grain sizes are typically
~0.25-5 um? in size [Fig. 11e,f] and the structure is
consistent over the entire substrate as shown by
GISAXS measurements [Fig. 11g].

Fig. 12a shows a BNSL film dip-coated onto a silicon
wafer, demonstrating the arbitrarily large areas
over which the films can be deposited onto a device
relevant substrate. SEM images of the wafer confirm
formation of the MgZn; structure from PbS and
PbSe NCs [Fig. 12b-d]. Scale up is necessary for
comprehensive studies of the optical and electrical
properties of BNSL films. Having films deposited
onto arbitrarily large substrates allows for device
statistics on a single film. Furthermore, many
substrates can be rapidly coated in sequence from

Fig. 12 (a) Photograph of a 25 mm wafer dipped into a
co-dispersion of PbSe and PbS NCs. SEM images
showing a polycrystalline MgZn2 phase BNSL. Scale bars
are 100 nm for (b, c) and 20 nm for (d).



the same stock solution, or one film can be processed through multiple steps, such as ligand exchange
and solvent rinse, using our computer automated system. The work was published in Advanced Materials,
27 2846 (2015).3!

4. DOPING NANOCRYSTAL ASSEMBLIES

Early in the project we demonstrated that semiconductor NCs could be doped by introducing extrinsic
atoms at their surface (“remote doping”) through thermal evaporation and diffusion to form CdSe NC thin
films with high electron mobilities of pu,~27 cm?/Vs** or by oxygen adsorption on PbSe nanowires with
hole mobilities of pe~9 cm?/Vs.?* We have expanded methods to control the atoms at the surface of NCs
and therefore to remotely dope NC thin films.

Stoichiometric Control to Design NC Thin Film Electronic and Optical Properties - The electronic
properties of bulk or thin film 1I-VI and IV-VI semiconductors are known to be greatly influenced by their
stoichiometry. Kagan and Murray showed that we could tailor the stoichiometry of IV-VI NC thin films and
therefore the carrier type, concentration and mobility.'° As-synthesized and thiocyanate exchanged PbSe
and PbS NC thin films show ambipolar characteristics in FETs with electron and hole mobilities of <1072
cm?/Vs. However, from device-to-device predominant electron or hole transport often arises from
unintentional n-doping as syntheses typically yield Pb-rich NCs* or p-doping from oxygen adsorption even
at the <0.1 ppm levels in nitrogen glovebox.>>" In the first example, we applied thermal evaporation and
diffusion of metal (Pb) and chalcogen (Se) to intentionally and controllably dope lead chalcogenide (PbSe
and PbS) NC thin films from intrinsic to n-type (with excess Pb) and p-type (with excess Se) [Fig. 13al].
Increasing the Pb or Se deposition allowed us to tailor the electron and hole concentration from near
intrinsic at 10° carriers/cm?3 to degenerately n- or p-doped at 10% carriers/cm3, thus positioning the Fermi
level position throughout the NC thin film bandgap [Fig. 13b]. Capacitance-voltage in combination with
Hall measurements (not shown) were used to characterize the tunability in electron and hole
concentrations by intentional Pb- and Se-enrichment. By controlling the stoichiometry we demonstrated
lead chalcogenide NC FETs to be ambipolar, n-type or p-type. In particular, we demonstrated u,~ 10
cm?/Vs with excess Pb in PbSe NC FETs, an order of magnitude higher than lead chalcogenide devices that
had been reported [Fig. 13c]. We also showed that we could use non-stoichiometry to control the
junctions of devices, exemplified by enhanced power conversion efficiency in Se-doped PbSe Schottky
junctions [Fig. 13d]. This work was published in ACS Nano 7, 2413 (2013)° and highlighted in an ACS Nano
Perspective written by Luther (NREL) and Pietryga (LANL).3®

We extended these ideas of remote doping to develop a post-synthesis, solution-based colloidal atomic
layer deposition process to introduce adatoms at the NC surface [Fig. 14].1 This stepwise method controls
carrier statistics and therefore electronic properties. Starting with lead chalcogenide NCs, we (a) deposit

(a) b)d — CB (o,
107" .
Excess Pb b-rich Pb-rich
deposition yﬁ‘e E¢(Pb-rich)
o [
<107

xS
o E¢(Se-rich) o

PbE NCs device Excess Se T
deposition @ VB 10°%

<o » 604020 O 20 40 60 00 02 04 06
Se rich p-type device Npy, or Ng, Vs V] Valtage [V]
Fig. 13 (a) Schematic of stoichiometric control of PbE (E=S, Se) NC thin films by Pb or Se enrichment. (b) Fermi
energy of PbE NC thin films as a function of Pb (red) and Se (blue) enrichment. (c) Transfer characteristics of a
PbSe NC FET in the linear regime upon enrichment by 3 A of Pb deposition. (d) Current-density voltage
characteristics of PbSe NC solar cells (black) before and after enrichment by (red) 0.1 A, (orange) 0.2 A, (green)
0.4 A, (blue) 0.8 A, and (purple) 2 A of Se deposition.1°

Pb rich n-type device w Ei

Se-rich
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NCs with their long-ligands, producing NC thin
films with a hexagonal structural motif that are
electrically insulating. Exchange of these ligands
using chalcogenide salts [e.g. Na,Se, Na,S or
KHS], (b) enriches the NC surface in the
chalcogen,? creating high energy surface states
that drive NC fusion on {100} facets and
structurally transforms the films into ordered
NCs in a cubic motif, akin to reports of ligand
stripping.3>* We showed these chalcogen-rich
NC films have a high density of trap states, are
oxygen sensitive, and show heavily p-type
charge transport. Further treatment with PbCl;
(c) converts these to n-type films by enriching
the NCs in Pb, maintains the cubic structure, and
passivates the NC surfaces to form stable
materials. This process and the resulting films
were characterized by a wide range of
structural, analytical, optical and electrical
measurements. For example, Fig. 14d shows the
optical properties of (black) as-synthesized NC
thin films and films exchanged with (blue) the
chalcogenide salt. The absorption red-shifts due
to NC fusion and the addition of chalcogen
atoms at available Pb-sites, and broadens due to
midgap states introduced by surface chalcogens
and oxygen adsorption. (red) Pb-enrichment at
surface chalcogen sites gives rise to a further
red shift, but narrowing of the excitonic
transitions as the metal passivates surface
states [Fig. 14e]. This process is general for S-
and Se-enrichment and subsequent Pb-
enrichment of PbS and PbSe NC thin films. Fig.
14f shows the electrical properties of lead
chalcogenide NC thin films treated by colloidal
atomic layer deposition. (blue) Chalcogen-rich
NC thin films show heavy p-type transport,
however upon increased Pb-enrichment (green,
orange, red), the NC FETs become increasingly

(a) (b) (c)

As-synthesized Chalcogen-rich Lead-rich
NCs NC

L

Na,Se
— -

- .

R )

Pl

.':“"ffﬁ:k": .
. Pb atom o Se atom . Chalcogen atom added . Pb atom added
E \/\(d)
3 \\mg

1000 1500 2000 2500
Wavelength [nm]
200 100

m
o
(=]
—_—
D
S—
[
=]
g

Red shift
(4, 5
(=] (=] o
=]
el
=2
=]
[]
= ]
(=T SR
o o
[Ae w] Buuapeo.

-60-40-20 0 20 40 60
A

]
=]

PbSe-S
PbSe-S-Pb
PbS-Se
PbS-Se-Pb
PbS-S
PbS-S-Pb

PbSe-Se
PbSe-Se-P

Fig. 14 (a-c) Schematic of post-synthesis, colloidal atomic
layer deposition and structural characterization by TEM.
Scale bar: 20 nm (d) Absorption spectra of as-synthesized
PbSe NC thin films (black) and upon Se (blue) and Pb (red)
enrichment. (e) Red shift and broadening in the absorption
spectra of PbS and PbSe NC thin films upon S- or Se-
enrichment and Pb-enrichment. (f) Transfer characteristics
of Na:Se treated PbSe NC thin films before (blue) and after
PbCl2 treatment for 1h (green), 6 h (orange) and 12 h (red) at
65°C.

n-type. This solution-based method yielded n-type NC FETs with u,=4.5 cm?/Vs, of similar order to that
realized by doping through thermal evaporation and diffusion. This work was published in Nano Letters

14, 1559 (2014)."

5. STRUCTURAL AND OPTICAL CHARACTERIZATION OF NANOCRYSTAL SOLIDS

X-ray diffraction - The structural characterization of NCs and their assemblies are presented throughout
the proposal. However, here we highlight x-ray diffraction techniques Murray and Kagan developed to
describe the purity, surface coverage, crystallinity, and grain size important to characterizing self-
assembled, polycrystalline NC superlattices.** Grazing-incidence diffraction, shown in Fig. 8 and Fig. 11,
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reveals ordering over large areas. We also
performed transmission X-ray diffraction
measurements to interrogate the in-plane
structure of NC superlattices with spatial
resolution close to the grain size of
superlattices.

X-Ray Grain Size
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We  demonstrated that transmission
measurements with a microfocused X-ray
source [Fig. 15a,b] yield statistical information
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similar average values [Fig. 15b,d]. Much
larger grain sizes, consisting of >10° individual
NCs, have subsequently been fabricated in
CdSe and PbSe NC films, although in this case
the grain size can no longer be measured by
SEM. X-ray mapping experiments with 50 um
resolution across several square millimeters
were performed to confirm that superlattice structure is preserved over much larger areas than those
which can be imaged by electron microscopy. This technique was also applied to map polymorphism and
the variation of superlattice orientation across large film areas. These methods were demonstrated on
metal oxide (e.g. CoFe;04), metallic (e.g. Au), semimetallic (e.g. Bi), and semiconducting (e.g. CdSe/CdS)
NCs self-assembled into single-component, binary, and anisotropic superlattices. By correlating the small-
and wide-angle scattering signals from identical spots, the preferential alignment of NCs within
superlattices can be determined. This work was published in ACS Nano 8, 12843 (2014).*

Fig. 15 (a) Grazing-incidence small-angle x-ray diffraction
measurements of a FesO4 NC superlattice thin film. (b) Grain
size distribution based upon x-ray measurements. (c) SEM
image of a polycrystalline superlattice thin film analyzed in (b)
with the grain size distribution in (d).

Statistical Description of CdSe/CdS Dot-in-Rod Heterostructures Using Scanning Transmission Electron
Microscopy - We used annular dark-field scanning transmission electron microscopy (ADF-STEM) to
provide a statistical description of the faceting, core location, stacking faults, and polar self-assembly
behavior of CdSe/CdS dot-in-rod heterostructures described in sections 3 and 5. Applied to dot-in-rod and
rod-in-rod heterostructures, STEM enables statistical measurements of core locations that show that the
position of the CdSe core lies at =45% of the length of the sample, slightly closer to the blunt (001) facet
of the CdS nanorod shell. A study of stacking faults reveals a substantially enhanced probability near the
epitaxial interface of the core and shell, suggesting the role of epitaxial strain in the formation of defects.
Structural analysis is extended to liquid-crystalline monolayers of nanorods, and the role of dipolar
interactions within lamellae is analyzed using one-dimensional pair-distribution analysis of polarity,
showing that the nanorods have a random dipole alignment. This work was published in Chemistry of
Materials, 28 (10), 3345-3351 (2016).%?

Spectrally-Resolved Dielectric Functions of Solution-Cast Quantum Dot Thin Films - Quantum
confinement is the divergence, at small crystallite size, of the electronic structure of semiconductor
nanocrystals, or quantum dots, from the properties of larger crystals of the same materials. Although the
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extinction properties of quantum dots in the dispersed state
have been extensively studied, many applications for
guantum dots require the formation of a solid material which
nonetheless retains a size-dependent electronic structure.
The complex index of refraction (or complex dielectric
function), including the extinction coefficient, is critical
information  for  interpretation of  optoelectronic
measurements and use of quantum dot solids in
optoelectronic devices. We used spectroscopic ellipsometry
to provide an all-optical method to determine the thickness, complex index, and extinction coefficient of
thin films made of quantum-confined materials through the visible and near-infrared spectral ranges [Fig.
16]. The characteristic, size-dependent spectral features in the absorption of monodisperse quantum dots
are readily translated into spectral variations of the index of refraction. The complex indices of refraction
of CdSe and PbS quantum dot solids depend strongly on quantum dot size and the processing conditions
of the thin film, including ligand exchange and annealing. The dielectric functions of quantum dot solids
are dominated by the fill fraction of quantum dots, with only secondary influence from interparticle
interaction. This work as published in Chemistry of Materials, 27, 6463—-6469 (2015).%3

Fig. 16 Plots of n & k vs for CdSe
closepacked films.

6. EXCITONIC BEHAVIOR AND CHARGE SEPARATION IN NANOCRYSTAL SOLIDS

Shape-dependent Optical Anisotropy in Dot-in-Rod Nanocrystals - Colloidal nanorods represent one of
many possible NC morphologies that can be used as a building block to diversify the phase space of binary
assemblies. From the perspective of energy generation and transformation, semiconductor nanorods
have several attributes distinctive from spherical quantum dots, in particular a polarized electronic
structure and, in core-shell nanorods, carrier-selective delocalization. We have studied the polarization-
dependent properties of colloidal nanorods and nanostructures

e
[=]

reported in a series of publications.**4>
e 0 o +1
In earlier work, we developed methodologies to analyze the 0.9+
anisotropic optical properties of ensembles of colloidal nanorods and - 0: . ' 4
to quantify the degree of optical anisotropy of the electronic structure .' o

in nanorods and nanoplates.*® These measurements indicated that
shape-dependent optical anisotropy in anisotropic colloidal NCs is not
readily predicted on the basis of far-field dielectric properties, but
instead emerges from quantum confinement of electronic levels in
one or two dimensions. These methods were subsequently extended
to understand the optical properties of colloidal core/shell
nanostructures.*** Within a series of core/shell structures with
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Fig. 17 Oscillator strength of linear
polarization (0) and circular

anisotropic NC shells, subtle changes in the degree of local anisotropy
about the emissive core material dramatically affect the oscillator
strengths of different polarized excitations [Fig. 17]. The aspect ratio
of the dot-in-rod structure is not strongly related to the degree of
anisotropy, but local anisotropy of the anisotropic shell about the

polarization (1) in the band-edge
electronic structure of colloidal dot-
in-rod  heterostructures as a
function of the fractional core
diameter.

emissive core material drives higher polarization of the electronic

structure. Samples which have much thicker shells showed lower anisotropy because the local
environment at the CdSe core is relatively more isotropic than those samples with thin shells. Linear
anisotropy is expressed in the relative strength of linearly-polarized transitions (0 change in angular
momentum) compared to those which are circularly-polarized (+1). This work was published in J. Phys.
Chem. Lett. 5, 85 (2014).*
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Additional temperature- and
time-resolved photo-
luminescence measurements
of dot-in-rod and rod-in-rod

samples showed that the
geometry of the
heterostructure can be
manipulated to enhance

thermal stability. In contrast to
previous works, it was
unambiguously  determined
that ligand decomposition is
not the primary mechanism of

a. 600
550

. 600
550

=

__500 = 500

X150 2 <450

= 3 (S
400 Z 400

350 350

2
=

300 300
c. 600 d. 600
550 550
500 500
450 450
400 - 400

thermal instability of
semiconductor NCs at elevated
temperatures.* Fig. 18 shows
four samples of dot-in-rod and
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rod-in-rod CdSe/Cds Fig. 18 (a-d) Temperature-dependent photoluminescence collected for dot-in-
heterostructures: each shows o (a-c) and rod-in-rod CdSe/Cds (d) samples.
thermal redshift,

homogeneous broadening, and decreased (but reversible) intensity heating to 600 K. It was found that
samples with a larger core volume fraction preserved substantially more photoluminescence at elevated
temperatures. Time-resolved studies showed that by tuning the core volume fraction of the core/shell
NCs, the radiative recombination rate could be adjusted from <5 ns to >30 ns. Those samples which
showed faster radiative recombination rates were substantially more stable against the onset of non-
radiative recombination at elevated temperatures, resulting in enhanced thermal stability of
photoluminescence and providing a route to engineer the exciton lifetime through materials design. This
work has been published as ACS Nano 8, 6466 (2014).%

Ultrafast Electron Trapping in Ligand-Exchanged Nanocrystal Solids - Kikkawa, Kagan and Murray used
ultrafast optical spectroscopy to study the evolution of core-surface interactions with ligand exchange
and annealing in CdSe NC solids.® This work

employed a unique, custom-made system £
designed to study time-resolved absorption

BBO TRPL gate beam

Excitation

(TRA) and time-resolved PL (TRPL) in NCs R o R T2
over a broad spectral range with sub- Ktz ¢ X2 Kerr medium | 3
picosecond time resolution [Fig. 19]. We Thsapphire sapph,,,_, - - 2w - 2
found that (a) exchanging aliphatic native o] Tmprobe ﬂ-—;lh T 1 i

ligands (NL) for thiocyanate (SCN) and k}t Pol (V), Filters .;E‘.— Spesiometer

subsequently annealing the samples to
200°C [Ref.*] drastically increases the rate
of electron trapping to the NC surface and
(b) assumptions widely made in the
literature regarding TRA in CdSe NC systems
were shown to be incorrect in this case.

F Fllte;y

TRA probe
normalization beam

Fig. 19 Custom-built system for measuring broadband time-
resolved PL and time-resolved absorption using the Kerr gate
effect (TRPL) and a supercontinuum probe (TRA).

Fig. 20a-c shows a progressive decrease in band-edge PL lifetimes in CdSe NC solid films upon exchange
and annealing. Time-integrated PL (not shown) shows a corresponding loss in band-edge quantum vyield,
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implicating an increase in non-radiative recombination and/or surface trapping with exchange and
annealing.

Complementary TRA measurements indicate
that electron trapping is responsible for PL
lifetime decreases. TRPL measures the 1Ss/n-
1S, exciton lifetime, so the longer lifetime of
the aggregate 1Ss/n-1S. (B1) TRA bleach [Fig.
20] cannot be due to the exciton, but must
instead arise from 1S, electrons or 1Ss/2n holes
within the NC core. Dynamics of the aggregate
2S3/2n-1Se (B2) TRA bleaches echo that of TRPL
[Figures 20d-f], indicating that both capture
1Se population decays. Thus, we find that
electron trapping increases upon exchange
and annealing, which is both surprising and
informative. It may be the case that ligand
decomposition upon annealing results in a CdS
shell, which then assists hole trapping through
a quasi-Type-Il band alignment.®®* |t is also
possible that midgap states observed in our
cyclic voltammetry measurements of annealed
samples® introduce electron traps.

SCN 200C

SCN

Energy (eV)

TRPL —
B1,B2 -

G & S B = foor
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Fig. 20 Time-resolved PL of CdSe QD thin films (a) with
native ligands (NL), (b) after ligand exchange with SCN, and
(c) after ligand exchange and subsequent annealing at
200 °C. (d-f) compares TPRL (black) and TRA (red, blue)
decays for the three samples. TRA population bleaches at
the 1S3/2n-1Se (B1) and 2Ss3/2n-1Se (B2) transitions appear in
blue circles and red squares, respectively. The exciton-
resolved 1Ss/2n-1Se bleach (B1lx) has the identical time
evolution as TRPL, as expected, and is also shown in red.

TR Signal (scaled)

Delay (ps)

The implication that the long-lived B1 bleach measures 1Ss/n holes that persist subsequent to electron
trapping runs counter to the widespread assertion that B1 quantifies 1S. electron populations.>** In this
project, we further demonstrate theoretically that either 1S. or 1S3>, produce strong B1 TRA bleaches at
all temperatures from 10 K to 300 K. This work was published in ACS Nano, 9, 1440 (2015).3 These
techniques were also applied to understand hot carrier luminescence that outcompetes slow vibrational

relaxation in two-dimensional organic-inorganic metal-halide perovskites [published J. Am. Chem. Soc.]
55

Large Photoconductivities in Thiocyanate Capped NC Thin Films - Interparticle spacing dramatically
affects the strength of cooperative interactions between the NCs in the solid state and the rate of carrier
transfer. Using NCs capped with the compact thiocyanate ligand the Kagan group probed the
photoconductivity of NC assemblies. Fig. 21 depicts the photoconductivity for a CdSe NC thin film

107 ﬁ Fig. 21 Photoconductivity of Prepared by dropcasting from a dispersion of
- ?éolr;\g:;m‘ thiocyanate capped CdSe NCs  thiocyanate capped CdSe NCs. Scaled for
10‘35— dropcast from DMF at 50 °C device geometry and laser illumination, the
- L | to form a NC film. Channel currents recorded are 3 orders of magnitude
K c Q . . . .

< 10° £ g length is 10 um and width is |arger than literature precedents prepared
5 F ¢ ] 150 um. 30 mW/em® by dropcasting CdSe NCs and treating with n-
810 E s {8 |I'Ium|nat|on at 488 nm. pytylamine (a relatively short ligand
C : : (inset) Spectral response compared to that used in synthesis). The

107" O (black) for a similar film in _ . L
2 wavelength [nm] ) thiocyanate capped CdSe NC thin film

- comparison to the h ducti in (1 | i 10°
10™ . | ™ | absorbance (red) of a film of P otocon 'UCt'Ve gain (lpnoto/lgark) Is at
0.0 50x10°  1.0x10° the same material. 10V and rises to 10* at 100V, equal to or

Electric field [V/cm]
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better than that for n-butyl amine capped
CdSe NC films.>® The spectral response for



CdSe-SCN films, collected at a 1V bias (albeit limited by instrument bandpass), closes traces the optical
absorption spectrum of the same NC film, collected away from the electrodes, reflecting the discrete,
electronic structure characteristic of the quantum confined NC building blocks. This work was published
in the work in the Journal of the American Chemical Society 133, 15753 (2011).

Modulated Photoconductivities in Periodically Structured Nanocrystal Superlattices - The liquid-gas
interface assembly process developed by Murray allowed the controlled assembly of NC superlattices
varying periodically in NC thickness, presenting an exciting

opportunity to structure NC films on multiple length scales and (a) g'
design corrugated, large-area heterojunctions for solar energy ;
conversion. The Kagan group employed spatially resolved
photoconductivity to map the photoconductivity in these
striped PbSe NC films, assembled and then treated with
hydrazine to increase the film conductivity. Fig. 22(a) shows an
optical micrograph of a striped and treated NC membrane
oriented to span Au electrodes. Overlaid on the micrograph of
the sample, collected at high resolution, is a two-dimensional
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map of the local photoconductivity measured across the (b)_n.uj

variation in NC film thickness. The oscillatory variation in %::z e

photoconductivity, highlighted by a line-cut of the two- Eom| / ~ .
dimensional map Fig. 22(b), reflects the variation in NC thickness e BB

Distance [um]

in the membrane, with higher photoconductivity at the ridges
compared to the troughs of the membrane. This work was also Fig. 22 (a) Optical micrograph of a striped
published in Nano Letters 11, 841 (2011). PbSe NC  membrane and local
photoconductivity map and (b) line-cut of
photoconductivity. Photoconductivity was
collected using 488 nm excitation, with 10V
applied across the junction.

7. CHARGE TRANSPORT IN NANOCRYSTAL SOLIDS

Taking advantage of compact ligand exchange and doping
[sections 2 and 4] to realize high mobility, -Vl and IV-VI NC thin
films, we studied the mechanisms of charge injection and charge transport in two- and three-terminal
device structures using temperature-dependent resistance and magnetoresistance measurements.

Charge Injection and Charge Transport in Nanocrystal Devices — In IV-V| semiconductor NCs there have
been few studies separating charge injection from charge transport since high mobility, high conductivity
materials have only recently been achieved and the barriers to injection are not as evident in these narrow
bandgap materials. Kagan and Murray studied charge injection and transport in PbSe NC thin films by
engineering the NC ligand exchange chemistry and surface passivation and the metallurgy of the contacts
used in measurement.* Fig. 23a depicts 1) the small-organic and compact inorganic ligands selected to
exemplify the range of chemistries introduced by us and the community, and 2) the metals chosen that
are commonly used in NC devices and span a wide range of workfunctions (~4.2-5.5 eV).

In room temperature FET measurements [Fig. 23b,c], the small-organic ligand exchanged PbSe NC thin
films showed low-current levels and highly hysteretic ambipolar characteristics, independent of the
contact material, suggesting low mobility charge transport limits the device current levels. The compact
inorganic ligand exchanged films showed significantly higher current levels that ranged from ambipolar to
n-type and to p-type depending on the ligand chemistry and the metal workfunction. NC thin films
exchanged with halides show greater electron currents and those exchanged with hydroxide had higher
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hole currents, consistent with literature
reports.’® However for all the inorganic
ligands, lower workfunction contacts gave
high (lower) electron (hole) currents
consistent with injection limited current,
and in combination with low temperature
measurements, indicate partial Fermi-
level pinning at the metal-semiconductor
NC interface (consistent with reports on
PbSe NC photovoltaics®’).

Thiocyanate-exchanged PbSe NCs were
treated with PbCl; [as described in section
4] The metal halide repairs metal
vacancies and passivates the surface
dramatically [Fig. 23d] increasing (x100)
the room temperature electron mobility,
compared to thiocyanate exchange only.
The compact ligand exchange chemistries,
such as thiocyanate, form locally, cubic
ordered NCs [inset Fig. 23al.
Temperature-dependent electrical
measurements show an insulator-metal
transition from low mobility, low
conductivity and thermally activated,
nearest neighbor transport expected for
small-organic ligand exchanged NC thin
films to high mobility, high conductivity
band-like transport for compact inorganic
ligand exchanged NC thin films and for
higher electron concentrations introduced
by doping, passivation, and injection [Fig.
23e]. With the introduction of strongly
coupled, high mobility, high conductivity
NC thin films, charge injection and charge
transport are important in materials and
device design. This work was published in
Nano Letters 14, 6210 (2014).%4

Gate Induced Carrier Delocalization in
Nanocrystal Field Effect Transistors -
Kikkawa, Kagan and Murray used a
combination of temperature dependent
transport and magnetoresistance to
demonstrate gate controlled carrier
delocalization in indium-doped CdSe NC
field effect transistors.”® We found that

BDT,
0 =EDT,
MPA

Br-,
lI=Cly

SCN-

OH"

Al Cr Ag Au Pd Al Cr

Metal

Ag Au Pd
Metal

@Pb ©Se @sCN @cl

10"
50 100 150 200 250 300

TK]

Fig. 23 (a) Schematic of PbSe NC thin films exchanged with
small-organic and compact inorganic ligands forming the
channel of FETs with different metal source-drain contacts.
Inset middle, TEM image of thiocyanate and PbCl, treated NC
thin films. (b) Electron and (c) hole currents at V=50 V and
Vps=#50 V (+ for electrons/-for hole currents) for PbSe NC FETs
with different metal contacts and treated with (red)
benzenedithiol, (green) mercaptopropionic acid, (orange)
ethanedithiol, (blue) tetrabutylammonium iodide, (purple)
tetrabutylammonium bromide, (black) ammonium chloride,
(gray) thiocyanate, and (brown) tetramethylammonium
hydroxide. (d) Schematic of thiocyanate-treated PbSe NC
surface before and after PbCl: treatment and (f) temperature-
dependent electron conductivity calculated from Al-contact,
FETs operating in the saturation regime with PbSe NC thin film
channels treated with (green) mercaptopropionic acid, (orange)
ethanedithiol, (blue) tetrabutylammonium iodide, (gray)
thiocyanate, and (magenta) thiocyanate followed by PbCl2
treatment.

© Pb missing ~ Pb added

using the gate to accumulate electrons in the NC channel increases the ““localization product" (localization
length times dielectric constant) describing transport at the Fermi level, as expected for Fermi level
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changes near a mobility edge. Our measurements indicate that the localization length increases to
significantly greater than the NC diameter.

Prior studies on these systems gave

evidence for band-like transport near room 0"~ 5 6804 (p
temperature.®® Here, our objective was to 10°4 (@) / ] ® -~ K=3
gain further insight into the spectrum of -5127: _:gw T 401 /--/
delocalized and localized states. Studying « 10° 4 —gv = v k=6
the system at much lower temperatures 103- :g;:;\\; S A et WD
allows localized states to dominate 103‘ ——65.0V La ="

conduction and to be probed with e 0z 04 o6 0 i0m®040%607
exponential sensitivity. Fig. 24a shows AT (1K) Vs (V)
variable range hopping (VRH) behavior ©) (d)

used to infer delocalization.  These < \_/':\/ SN s

measurements, which were done with b R . o,

great care to ensure that voltage activation :&‘t .

did not artificially suppress the VRH

exponent, found an exponent of 2/3, in ———
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agreement with recent theories based on v
G

Coulomb Gap plus Gaussian broadening of
localized states.>® The inferred localization  Fig. 24 Transport studies of a nanocrystal FET device. (a)
product (xa, where « is the dielectric  Variable range hopping behavior with a 2/3 exponent is

constant and a is the localization length) observed for a range of gate voltages. (b) Increases in
increases from 70 to 160 over the range of ~ localization distance with gate voltage for different assumed
dielectric constants. (c) Changes in MR with gate bias at 7.5 K.
(d) Change in inferred mobility gap with gate bias.

voltages shown. For any reasonable
assumptions of dielectric constant, the data
imply that transport involves states that are
extended across many NCs [Fig. 24b].

This result is predicted by and further supports the model used by Kagan and Murray to explain previously
published higher temperature mobility data.3? In particular, the positive gate voltage decreases the
energetic mobility gap in the system, which results in reciprocal increases in localization length. Such
effects have magnetic counterparts whose presence has also been verified. Specifically, the application of
magnetic field also modulates the mobility gap and thus the localization length for T and { electron spin
states. The resulting magnetoresistance effect [Fig. 24c] can be used to infer changes in the mobility gap
[Fig. 24d]. Our data suggest that it may be possible to decrease the mobility gap in indium doped CdSe
NC solids to zero, thereby achieving metallic conduction in this system. This work was published in Nano
Letters, 14, 5948 (2014).4

Flash-Photolysis, Time-Resolved Microwave Conductivity — The Kagan group constructed an apparatus
for flash-photolysis, time-resolved microwave conductivity (FP-TRMC) measurements. The FP-TRMC
measurement has proven to be an important tool for our exploration of the intrinsic conductivity of NC
assemblies, complementing our device transport measurements. FP-TRMC provides a contactless probe
of the zero-field, local carrier mobility and carrier lifetime, avoiding any complexities introduced by charge
injection through metal-semiconductor junctions or disorder and defects on the 10-100 um length scale
in the channel of FETs.
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We used FP-TRMC to probe
the carrier mobility and
lifetime in PbSe NC thin
films treated with solutions
of the metal salts of Na,Se
and PbCl,. As described in
section 4, the metal salt
treatments tuned the Pb:Se
stoichiometry and swept

the Fermi energy
throughout the NC thin film
bandgap [Fig. 25]. A
stoichiometric imbalance

favoring excess Se heavily
p-doped the NC thin film,
shifted the Fermi energy
toward the valence band,
and vyielded the highest
TRMC mobility and lifetime

Pb-rich

©15 .
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Density of States -0"Na,5€ PbCl, PbCl, PbCl, PbCly
Im 15m 1h 24h

Fig. 25 (a) Schematic of the NC thin film density of states, marking the estimated
positions of the Fermi energy as a function of the Pb:Se ratio in metal salt-treated
PbSe NC thin films that were probed in FETs and by FP-TRMC. (b) The product of
the quantum vyield for charge generation and the sum of the electron and hole
mobilities, ®Zy, at the lowest photoexcitation density in PbSe NC thin films treated
with NazSe (red), Na:Se followed by PbCl> for 1 min (green), 15 min (cyan), 1 h
(blue), and 24 h (pink).

. Introducing Pb first compensated the p-doping and shifted the Fermi level

through mid-gap, decreasing the TRMC mobility. Further Pb addition created an excess of Pb, n-doped the
NC thin film, moved the Fermi level to near the conduction band, and again increased the TRMC mobility.
The increase in TRMC mobility as the Fermi energy was shifted toward the band edges by non-
stoichiometry is consistent with the trend found in FET measurements and with the NC thin film density
of states. This work was published in Chemical Physics 471, 81 (2016).%°

In combination with FET
measurements, we have
also used FP-TRMC to study
the influence of indium
doping on the dark mobility
and the photogenerated
mobility and lifetime in
annealed, thiocyanate-
exchanged CdSe NC thin
films, mimicking the
conditions used to
fabricate high mobility
FETs. In particular, while
previous reports!3? have
shown that increased
surface trap passivation
and doping increases the
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Fig. 26 (a) Schematic of CdSe NC thin film samples passivated and doped by
evaporation and thermally-driven diffusion of indium. (b) Relationship between
FP-TRMC carrier lifetime and the product of the quantum yield for charge
generation and the sum of the electron and hole mobilities, ®Zy, as a function of
indium concentration.

carrier mobility in NC thin films by introducing more carriers in higher energy, higher densities of states,
studies are lacking that directly relate the effects of trap passivation and doping on carrier lifetime.®! Yet,
passivating surface defects and controlling the carrier concentration and mobility in NC thin films is
prerequisite to designing electronic and optoelectronic devices. To carry out this investigation, we
evaporate indium films ranging from 1 nm to 11 nm in thickness on top of approximately 40 nm thick,
thiocyanate-capped, CdSe QD thin films and anneal the QD films at 300 °C to densify and drive diffusion
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of indium through the films and probe the films in FETs and by FP-TRMC [Fig. 26]. As the amount of indium
increases, the FET and FP-TRMC mobilities and the FP-TRMC lifetime increase. The increase in mobility
and lifetime is consistent with increased indium passivating mid-gap and band-tail trap states and doping
the films, shifting the Fermi energy closer to and into the conduction band. This work was published in J.
Phys. Chem Lett, 6, 4605 (2015).52

We have also applied the FP-TRMC measurement apparatus in collaboration with colleagues at Columbia
University to study carrier diffusion lengths in single crystals of the three-dimensional organic-inorganic
metal halide perovskites, receiving extraordinary attention for next-generation solar photovoltaic devices.
This work was published in J. Phys. Chem. Lett, 7, 3510 (2016) and in Nano Letters 17, 1727-1732
(2017).5364

8. Nanocrystal Integrated Circuits

In phase one of the grant, we demonstrated the first example of NC electronic circuitry by constructing
inverters, the simplest two-FET circuit.®® In this example, the two NC FETs were externally wired together
forming “discrete” electronics. In the last phase of the program, we developed processes to interconnect
device layers on-chip enabling the demonstration of more complex analog and digital NC integrated

circuits.
1.1

Low-voltage, Flexible CdSe NC (b) 0.7}V, = 0.1V =50 Hz

Integrated Circuits (NMOS) — Building s 102
on our previous work achieving high ; 0.6 ' 'g
mobility, CdSe NC FETs through a 15 5'2'

o
©

combination of exchange with the
compact and non-corrosive ligand 30 48 o 5 30
thiocyanate and doping by indium Time (msec)

diffusion,?-%® we reported the first NC  Fig. 27 (a) Photograph of NC integrated inverter and (b) operation as a
integrated circuits.> Since CdSe NC voltage amplifier, characterized by its output waveform (blue, right
FETs are n-type, we designed and axis) in response to a 50 Hz, 100 mV sinusoidal input on a 0.6 V DC bias
fabricated inverters in a saturated (black, left axis).

load design, and developed processes

for vertical interconnect access (VIA) holes to wire together device layers on-chip. We demonstrated low-
voltage NC integrated inverters, amplifiers [Fig. 27] and ring oscillators, showing the promise of NCs as a
class of materials for low-cost analog and digital circuitry. Taking advantage of the non-corrosive
chemistry and uniform deposition of NC thin films, we fabricated these integrated circuits over large areas
on flexible plastics. This work was published in Nature Communications 3:1216 (2012).°

PbSe NC Integrated Circuits @ 10 -
. R Vpp=-50V
(CMOS) - Thiocyanate-treated 20 = 12
PbSe NC thin films, unlike n-type S a0 v,N—ﬂé-vw 8
halide-treated or p-type >§_40 ]1 1 . é)
hydroxyl-treated NC thin films, ! e
50| mmr eminn 10

could be switched from unipolar, 5040 3020 10 0
n-type to unipolar, p-type by Vi M
engineering the metallurgy of Fig. 28 (a) Transfer characteristics of thiocyanate-exchanged PbSe NC thin
the contacts used to construct film FETs with different metal contacts. (b) Schematic and (c) transfer
devices [Fig. 28a]. We took characteristics of an integrated complementary metal oxide semiconductor
advantage of metal contact (CMOQOS) inverter constructed from an n-type thiocyanate-exchanged PbSe
engineering to build the first NC FET with Al contacts and a p-type thiocyanate-exchanged PbSe NC FET

integrated CMOS NC inverters.}4  With Au contacts.
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Note CMOS borrows its name from complementary metal oxide
semiconductor silicon FETs, in which a combination of n-type and p-type
FETs are used to fabricate lower power, lower noise, and higher
gain/speed circuitry. Here by using a single thiocyanate-exchanged PbSe
NC thin film, we could deposit and connect different metal layers [Fig.
28b] to demonstrate integrated CMOS NC circuitry [Fig. 28c]. This work
was published in Nano Lett. 14, 6210 (2014).%

9. PLAsmoNIC NCs

In the first few years of the program, we explored plasmonic NCs as a
third building block in NC superlattices. We developed synthetic
methods to broaden the available plasmonic NC materials and
investigated compact ligand exchange methods, as were also used for
semiconductor NCs, to design their electrical conductivity and
plasmonic response.

Synthesis of heavily-doped, wide band-gap plasmonic, semiconductor
nanocrystals - Heavily-doped wide band-gap semiconductor NCs are
excellent candidates for solution-cast transparent electrodes in
photovoltaics or other optoelectronic devices and as plasmonic NC
building blocks. We developed a generalized method to synthesize
doped oxides with aliovalent cations by thermal decomposition of metal
carboxylates at elevated temperature.®’ The synthesis allows controlled
doping of the NCs with free electron concentrations of 10%°-10%' cm™. In
a dispersed state, these materials demonstrate a localized surface
plasmon resonance tunable in the mid- and near-infrared related to the
free carrier concentration (i.e. doping level) [Fig. 24]. When condensed
into solids, they can be annealed to make transparent and highly-
conductive films with conductivities as high as 200 S/cm. We
demonstrated the use of these NCs as inks for the transparent window
of a quantum dot sensitized photovoltaic cells. This work was published
in Chemistry of Materials 26, 4579 (2014).

Ligand Exchange of Plasmonic Au or Ag NCs to Design their
Electrical Properties and Plasmonic Response - In the first phase of
the program, we had preliminary evidence to show that the
compact ligand thiocyanate could also be employed to exchange the
ligands on the surface of plasmonic Au and Ag NCs. Here we have
shown that we can transform electrically and optically insulating Au
and Ag NC thin films, deposited from colloidal solutions, into highly
conductive optical and electronic materials.%%°  Structural,
analytical, optical and electrical measurements were used to follow
the transformation. The insulator to metal transition gives rise to a
10%° increase in DC conductivity, within a factor of 5 and 10 of
thermally evaporated Ag and Au films, respectively, and a dielectric
permittivity that is altered from everywhere positive (insulator) to
everywhere negative (Drude metal) throughout the visible-to-NIR.
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Fig. 24 Ultraviolet, visible and
infrared extinction spectra of
doped-oxide NCs dispersed in
tetrachloroethylene. Each
grouping  represents  three
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Fig. 25 Transfer characteristics of a Pb-
enriched PbSe NC FET with Ag NC
source and drain electrodes.
Photograph of FET.

(Inset)

We used imprint- and photo- lithographies to pattern Au and Ag thin films. By patterning Ag NC thin films
and using thiocyanate exchange, we fabricated conductive electrodes. We combined these Ag NC-based
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electrodes with thiocyanate-exchanged and Pb-enriched PbSe NC thin films to form NC FETs with high
electron mobilities of 5 cm?/Vs [Fig. 25] and thiocyanate-exchanged, indium doped CdSe NC to form all-
NC FETs. This work was published in Nano Letters 13, 350 (2013) and ACS Nano 8, 2746 (2014).

10. BROAD IMPACT ON THE SCIENTIFIC COMMUNITY: Many of the scientific accomplishments of this work were

highlighted in two invited review papers written by Pls Kagan and Murray on “Charge Transport in Strongly
Coupled Nanocrystal Solids,” Nat. Nano 10, 1013-1026 (2015) and on “Building devices from colloidal
quantum dots,” Science 6302, aac5523-1 (2016).
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