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Optical and Opto-Electronic Device Applications

Bradley F. Chmelka (Principal Investigator)
USARO Grant W911NF-05-1-0085

Foreword/Summary

The compositions, structures, and surface properties of InGaP, GaN, ZnSe, ZnS, ZnO, and SiO,
nanocrystals and conjugated polymer/(SnS, or SiO,;) nanocomposites have been measured and
controlled to modify, enhance, and understand their optical and semiconducting properties over a
hierarchy of dimensions, from molecular to macroscopic. This progress has enabled new
opportunities for the development and optimization of nanocrystals and nanostructured composites
for applications in electro- or photoluminescent devices, sensors, and solid-state lighting.

The objectives of this project have been the design, synthesis, processing, and characterization
of optically responsive semiconducting nanocrystals and nanocomposites with tunable properties and
their integration into devices. We have shown that the macroscopic optical and semiconducting
properties of novel inorganic-organic hybrid materials based on monodisperse nanocrystals
and/or ordered nanostructured inorganic-organic composite solids with tunable compositions
and dimensions, depend crucially on molecular-level compositions, structures, and interfaces.
Till now, such molecular-level structural details have not been measured, not understood, nor have
they been used as feedback criteria for improving or optimizing materials synthesis or device
processing conditions. During the course of this project, progress in the development of new very-
high-field and multidimensional NMR characterization protocols have underpinned progress in the
development of new synthesis/processing protocols for improving optical and semiconducting
materials and devices. New and general strategies for controlling nanocrystal structures and
interfaces have allowed the incorporation of semiconducting nanocrystals and polymers into
nanocomposite films, yielding novel opto-electronic and optical properties.
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Statement of the Problem
With the support of USARO grant W911NF-05-1-0085, we have developed, tested, and refined our
hypotheses:

(1) that local compositional and structural heterogeneities at inorganic-organic interfaces
play governing roles in establishing macroscopic optical properties of semiconductor
nanocrystals and nanocomposites;

(2) that identifying the molecular natures of such heterogeneities would allow us to
correlate and control key compositional and structural features of the materials with
synthesis and processing conditions, and

(3) that the optimization of inorganic-organic interface compositions and compositions
would yield improved material and device performances, with respect to different
optical or semiconducting property criteria.

Close feedback between new molecular-level NMR characterization insights and synthesis and
processing protocols have allowed each of these hypotheses to be verified generally and
implemented specifically for several technologically important semiconducting nanocrystal and
nanocomposite systems. These include:
(i) alkylamine-passivated photoluminescent InGaP, GaN, ZnSe, and ZnS nanocrystals, and
(ii) electroluminescent conjugated polymer/inorganic nanocomposites, specifically blue-emitting
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO), green-emitting poly(9,9-dioctylfluorenyl-2,7-
diyl)-co-1,4-benzo-(2,1',3)-thiadiazole) (F8BT), and red-emitting poly[2-methoxy-5(2’-ethyl-
hexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) incorporated into the nanostructured
galleries of layered SnS, or cylindrical channels of block-copolymer-templated SiOs.
The application of very-high-field and multidimensional NMR characterization techniques have
yielded unprecedented sensitivity and spectral resolution for these nanocrystal and nanocomposite
systems that have provided enabling new insights on their molecular compositions, structures, and
heterogeneous interfaces. These have been systematically analyzed with respect to materials
synthesis/processing conditions and correlated with respect to the macroscopic photo- and
electroluminescent properties and subsequent device performances of the respective nanocrystal and
nanocomposite systems, including orientationally ordered systems. Notable new conclusions,
insights, and discoveries follow for different project elements.

Summary of Most Important Results

Indium gallium phosphide (InGaP) nanocrystals

Photoluminescent (PL) properties of technologically important Group 111-V semiconducting
nanocrystals have been correlated with their surface and internal structures, which have been shown
to depend on etching treatments and nanocrystal size. Compared to nanocrystalline Group 11-VI
compounds CdSe and CdS, Group Il1-V semiconductors, such as InP, GaP, InN, or GaN are less
toxic, though have received less attention, in part because they have been available only as large,
polydisperse particles. Advances in chemical synthesis protocols, however, have recently allowed
the preparation of nanoscale Group I11-V semiconductors and their ternary analogs (e.g., InGaP,
INAIP) as monodisperse nanoparticles with discrete and tunable sizes. Their collective properties
make them attractive alternatives to Cd-, Se-, and Te-based Group I1-VI compounds for electrical,
opto-electronic, or biological device applications.

Technologically important InGaP nanocrystals are especially complicated because of their
ternary compositions and additional structural heterogeneities present. This is reflected in the PL
quantum yields of as-synthesized ternary InGaP nanoparticles, which are modest, but which can be
significantly enhanced by treating the particles with HF in methanol. For example, for 4.5 nm
Ing.91Gag P nanoparticles in toluene, there is a dramatic increase in PL quantum efficiency from
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<1% before HF treatment to ~50% afterward. After HF-treatment, the PL quantum yields of ternary
Ing.91Gag 0P Nanoparticles approach those sought for opto-electronic device applications, for which
guantum efficiencies above 50% are typically required for commercial cost-effectiveness.

For the first time, the reasons for the enormous processing-dependent optical properties of
Group 11-V nanocrystals have been established as being due to a combination of size- and surface-
dependent compositional and structural properties. Such insights were enabled by the first-ever-
solid-state "*Ga (1=3/2, 40% nat. abund., relative sensitivity 0.14 to *H) and **°In (1=9/2, 96% nat.
abund., relative sensitivity 0.35) MAS NMR measurements acquired on Group IlI-V
semiconductors. Studies on atomically ordered 4.5-nm [see Figure 1] and 6-nm Ingg1GaggoP
nanocrystals were conducted at very high magnetic field strengths (19.6 Tesla) during four separate
visits to the National High Magnetic Field Laboratory in Tallahassee, Florida and carried out in
collaboration with the group of Prof. Geoff Strouse in the Department of Chemistry at Florida State
University.

Figure 2 shows "*Ga and **°In MAS spectra acquired at 19.6 T and under conditions of fast
magic-angle-sample spinning at 25 kHz that display enormous improvements in “Ga and *°In
signal sensitivities and spectral resolution over that achievable using conventional conditions (11.7
T, 10 kHz MAS). For comparison, a spectrum of bulk polycrystalline *GaP is shown in Figure
2(a), revealing a very narrow resonance at 302 ppm that is consistent with its expected highly
uniform long-range order. This is in marked contrast to the broader and shifted "*Ga signals that are
observed in Figure 2(b,c) for both as-synthesized and HF-etched Ingg1Gag P nanocrystals, which
demonstrate unequivocally the existence of different “Ga species that result from different
processing treatments. The as-synthesized InGaP nanoparticles show broad peaks at ~200 ppm and
-16 ppm, Fig. 2(b), the latter of which is similar to that measured separately for "‘Ga,Os
nanoparticles (not shown here). By comparison, upon etching the InGaP nanoparticles in
hydrofluoric acid, significantly greater extents of local Ga site ordering are observed, as evidenced in
Fig. 2(c) by the relatively narrow signal at -43 ppm near to that expected for gallo-oxophosphonate
moieties. In combination with macroscopic photoluminescence measurements, these results
establish that the formation of relatively ordered surface-oxide species, with fewer defects than the
as-synthesized InGaP nanoparticles, play an important role in accounting for the significantly
enhanced photoluminescent properties that the HF-etched nanocrystals display in solution.

The high field "*Ga measurements are consistent with separate **>In MAS spectra shown in
Figure 3(a,b) also acquired at 19.6 T for the same as-synthesized and HF-etched InGaP samples as
measured in Figures 1 and 2. The *°In MAS spectrum of the unetched InGaP nanocrystals [Fig.
3(a)] shows a very narrow line at 780 ppm prior to the etching treatment that is very similar to the
signal observed for bulk polycrystalline InP powder at 780 ppm (not shown here.) By comparison,
the *°In MAS spectrum acquired at 19.6 T for the HF-etched InGaP sample [Fig. 3(b)] shows a
much broader resonance at approximately the same position, but reflecting a much broader
distribution of °In environments. These results point to InGaP nanoparticles having InP-rich cores
and gallium oxide-rich peripheries.

Insights on the nature of the oxophosphonate species at the InGaP nanocrystal peripheries are
established by powerful and complementary multidimensional solid-state *P NMR measurements.
As shown in Figure 4, two-dimensional (2D) Double-Quantum **P{*'P} correlation spectra allow the
relative proximities of surface POz and PO, sites from each other at the nanocrystal surface to be
established unambiguously. From the intensity correlations along the diagonal for the PO, species,
most of these moieties are determined to have other PO, species as neighbors, while the absence of
diagonal signal intensity for the POs; moieties indicates that few if any other POz species are
molecularly near (<1 nm). Nevertheless, appreciable off-diagonal signal intensity is shared between
the PO3 and PO, species, which establishes that nearly all of the PO3; moieties are surrounded by PO,
species. The structural implications of this with respect to nanocrystal shape [Fig. 1] and optical
properties are still under investigation. These results demonstrate the powerful capabilities of such
correlative molecular characterization methods and their utility for aiding nanocrystal-based
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materials design strategies. The photoluminescence measurements correlated with the synthesis,
etching and *'P, "Ga and **In MAS NMR results acquired at 11.7 and 19.6 T allow the pronounced
size-dependent optical properties of InGaP nanoparticles to be correlated with molecular differences
in their heterogeneous surface and core compositions and structures.  The increased understanding
of InGaP nanocrystal properties at a molecular level are being used to facilitate their integration into
host matrices and devices.

ZnSe and ZnS nanowires and nanorods, ZnO

Surfactant-passivated ZnSe and ZnS nanowires represent a closely related system with
similar nanoscale composition/structural characterization issues and properties as the InGaP system
described above. In cooperation with Prof. Yuval Golan and his group in the Department of
Materials Engineering at Ben-Gurion University in Beer-Sheva, Israel, we have synthesized and
characterized surfactant-passivated Group 1I-VI semiconductors ZnSe and ZnS nanowires and
nanorods, with extremely high extents of local atomic ordering and adjustable direct-bandgap
properties. Figure 5 shows representative high-resolution TEM images that, in conjunction with
wide-angle XRD reflections, establish the high extents of local atomic positional order in these
systems.

Such highly ordered atomic positions in these nano‘crystals’ might be expected to also
possess high extents of local electronic order as well, but this is clearly not the case. Figure 6 shows
much broader solid-state ""Se and ®Zn MAS signals than expected for a highly crystalline samples.
Rather the "'Se (1=1/2, 7% nat. abund., relative sensitivity 0.00693) and ’Zn MAS (1=5/2, 4% nat.
abund., relative sensitivity 0.0029) spectra in Figure 6 performed at 11.7 T and at 19.6 T,
respectively, show linewidths that vary inversely with particle size for bulk polycrystalline ZnSe and
different sizes of monodisperse ZnSe nanocrystals. These were exceedingly challenging
measurements, due to the low natural abundances of both "’Se and ®'Zn, long spin-lattice relaxation
times of the "’Se nuclei and very weak gyromagnetic ratio and quadrupolar character of ®zn.
Nevertheless, the ’Se and ®Zn MAS spectra in Figure 6 show systematically much broader
linewidths that increase inversely with shrinking nanocrystal size. Compared to the narrow (ca. 1
ppm wide) "'Se and ®’Zn signals [Fig. 6(a)] for their cubic sites in bulk polycrystalline ZnSe
(zincblende structure), the 10 and 5 nm ZnSe nanoparticles show signals [Fig. 6(b,c)] that retain
partially bulk-like characters, but with a much broader distribution of local electronic environments.
For the smallest 1.5 nm particles [Fig. 6(d)], in fact, no bulk-like signals are observed at all, rather
only upfield-shifted resonances that are associated with distorted signals near the nanoparticle
external peripheries.  Fascinatingly, both the "'Se and °“Zn MAS spectra of the different
nanoparticles show signals that appear to correspond to relatively ordered surface and/or near-
surface sites that interact strongly with or are affected by the adsorbed passivating-surfactant
species: '’Se signals at -380, -420, and -515 ppm and ®’Zn signals at 335, 187, and 165 ppm. As for
the InGaP nanoparticles described above, the extents of local electronic ordering in the
nanoparticles, in addition to their sizes, both exert crucial and controllable influences on the
macroscopic luminescence properties of these Group I1-VI nanoscale semiconductors.

To exploit the novel and versatile properties of nanocrystals that are observed in solution, we
are incorporating them into solid matrices to allow their integration into solid-state devices. By
controlling carefully the rate of solvent evaporation, in conjunction with substrate selection, we have
developed a protocol for preparing by soft-lithographic patterning micrometer channels in which
host mesostructured silica/block-copolymer matrices can be highly aligned. As shown in Figure
7(a,b) scanning and focused ion-beam transmission electron microscopy, along with 2D small-angle
X-ray scattering [Fig. 7(c)], show that over large regions of the patterned substrate, the hexagonal
mesostructured silica nanocomposite channels are oriented vertically. Such aligned and patterned
films provide anisotropic host matrices to incorporate the tunable nanocrystal systems discussed
above into devices that will benefit from the resulting anisotropic optical opto-electronic, and/or
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semiconducting properties.  Specifically, 1.5 ZnS nanorods have been incorporated and
orientationally ordered in hydrophobic-functionalized channels of aligned mesostructured silica and
titania thin patterned films.

Conjugated polymers in nanostructured composite materials

A similar approach has been taken to characterize, understand, and optimize the properties of
self-assembled on inorganic-conjugated polymer nanocomposites for solid-state light-emitting
diodes (LEDs). In these systems, highly hydrophobic conjugated polymers are incorporated into
nanostructured silica or chalcogenide host matrices, which impart crucial stability and device
integrability to the opto-electronic component that is not possible to achieve otherwise. In
collaboration with Dr. Gitti Frey (Dept. of Materials Engineering, Technion, Haifa, Israel), we have
developed new means to understand, control, and optimize the processing of these materials to
improve their light-emission properties, stabilities, and accompanying device performances. One
technologically important example is the incorporation of blue-emitting poly-9,9-dioctyfluorene
(PF8) into the galleries of layered inorganic chalcogenides, such as SnS,. In this system, nanoscopic
sheets of SnS; are first delaminated by reaction of ion-exchanged Li cations with methanol, followed
by reassembly of the SnS, sheets in the presence of soluble conjugated polymers, such as PF8, also
red-emitting poly[2-methoxy-5(2’-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-PPV)or green-
emitting poly(9,9-dioctylfluorenyl-2,7-diyl)-co-1,4-benzo-(2,1',3)-thiadiazole) (F8BT). Resulting
SnS,/PF8 nanocomposites [Fig. 8(a)] emit in the blue region of the visible-light spectrum and, when
incorporated into an LED device, exhibit dramatically enhanced stabilities, compared to
conventional polymer LEDs. Figure 8(b) schematically depicts a solid-state 2D 119Sn{'H} HETCOR
MAS NMR experiment and accompanying 2D spectrum showing the transfer of polarization from
nearby (< 1 nm) hydrogenated polymer species to strongly interacting tin sites associated within the
stabilizing and isolating SnS, nanocomposite galleries. The strong and diverse intensity correlations
that are attributed to the blue-emitting PF8 polymer species intercalated and isolated between the
SnS, sheets indicate strong interactions with multiple Sn surface sites in this sample prepared with
deuterated solvent species. These 2D '*°Sn{*H} heteronuclear correlation experiments establish
unambiguously the nature of these important interfacial interactions and their relationship to the
optical properties observed. This information has allowed us to develop new non-aqueous routes for
processing these technologically promising materials to achieve the key molecular features that lead
to the optical performance properties sought.

Each of the nanocrystal and nanocomposite systems described above share similar daunting
challenges to molecular characterization by any means, including NMR. Nevertheless, the uses of
high magnetic field strengths, high MAS spinning rates, and multidimensional methods overcome
many of the challenges of low sensitivity, heterogeneity, multicomponent complexity, and lack of
long range order. Such state-of-the-art techniques are sensitive to interactions governed by local
composition and structure in these materials, especially at interfaces and even in the absence of long-
range order. In such cases as shown here, significant advancements in the fundamental
understanding of technologically important semiconductor nanocrystal and nanocomposite solids are
achieved with direct benefit to material and device improvements. Our advancements have
benefited from close collaborative participation with several international research partners, who
have provided important complementary expertises, especially with respect to material-property
benchmarking and device integration. Resulting insights are being used to enable the development
and integration of versatile, sensitive and robust nanocrystals and nanocomposites into devices of
high technological interest to industry and the US Army, including as sensors, LEDs, opto-electronic
devices, and for solid-state lighting.
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Transfer of materials or techniques to Army, DoD, or industry:

The above pending UC patent is being licensed to AmberWave Technologies, Inc., Salem, NH for
use in opto-electronic device and solid-state lighting development, with intention to license other
patents that are expected to follow.

Value of this program to the Army

In the present project, hierarchical control of opto-electronic material properties and devices has
been achieved by controlling independently their compositions and structures over molecular,
mesoscopic, micron, and/or macroscopic length scales. Novel synthesis and processing protocols
have been developed that are based on new molecular understanding of dissimilar organic-inorganic
and/or heterostructure semiconductor interfaces, which have for the first time been measured at a
molecular level by using state-of-the-art methods of NMR spectroscopy. Progress has been enabled
by the use of very-high field and multidimensional NMR, in conjunction with XRD, electron
microscopy, and correlated with macroscopic material properties and device/process performances.
This has lead to the development of new synthesis/processing strategies that provide unprecedented
design flexibility and options for measuring and optimizing opto-electronic and optical material and
device properties. These are enabling new applications in nano- and hierarchically structured
sensors, integrated circuits, microfluidicsy MEMS devices, and fuel cells.
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spectra acquired at 19.6 T and 25 kHz
spinning speed of (a) bulk polycrystalline
GaP, and 4.5 nm Iny 4,Ga, ,oP nanoparticles
(b) before and (c) after HF-etching.
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Figure 3: Solid-state '*°In MAS spectra
acquired at 19.6 T and an MAS spinning
speed of 32 kHz of 4.5-nm In,4,Ga, ;P
nanoparticles (a) before etching and (b)
after etching with HF. (Bulk InP yields a
15In MAS peak at 780 ppm.)
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Figure 4: Solid-state 2D Double-Quantum 3!P{3!P} NMR spectrum acquired at 11.7
T and 10 kHz MAS of 4.5 nm In, 4,Ga, 4,P nanocrystals shows molecularly near
oxophophorus moieties at near the particle peripheries. The intensity correlations
establish dipole-dipole connectivities (<1 nm) between PO,;-PO, and PO,-PO, surface
pairs, but no evidence for PO,-PO; species.
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Figure 5: High-resolution transmission electron microscopy of ZnSe nanocrystals with
mean diameters of (a) 10 nm, (b,c) 1.5 nm. Lattice fringes are clearly evident in (a) and
(b), while (c) shows the high monodispersity of the 1.5 nm ZnSe nanocrystals. (Images
courtesy of Y. Golan, BGU.)
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Figure 6: Solid-state 7’Se and 6Zn MAS NMR spectra of (a) polycrystalline bulk ZnSe
powder and ZnSe nanocrystals with mean diameters of (b) 10 nm, (c) 5 nm, and (d) 1.5
nm. Both the ""Se (acquired at 12 T) and the 57Zn spectra (acquired at 19.6 T) show
dramatic evidence that near-surface "/Se and 87Zn sites experience broad distributions of
local electronic environments, compared to bulk crystalline ZnSe, which contributes
greatly to their measured luminescence properties.
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Figure 7: (a) Scanning electron micrograph of a soft-lithographically patterned
mesostructured silica templated by block-copolymer species which yields an optically
anisotropic host matrix for inclusion of aligned ZnSe, ZnS, and InGaP nanocrystals and
conjugated polymer guest species. (b) Focused-ion-beam transmission electron micrograph
showing the high extent of vertical alignment of the hexagonally ordered mesostructured
silica host channels.

17



B.F. Chmelka, Final Report, W911NF-05-1-0085 March, 2007

One-pulse 1°Sn MAS ML

- L e

=15

One-pulse 'H MAS

i"' 4kJ| s

10

-400 -450 -500 -550 -600 -650 -700 -750 -800 ppm

Figure 8: (a) PF8-intercalated SnS, nanocomposite materials and solid-state device
configuration for a blue light-emitting diode based (courtesy of G. Frey, Technion). (b)
Solid-state 2D 9Sn{*H} HETCOR MAS NMR experiment and spectrum acquired at 11.7 T
and 10 kHz MAS for blue-emitting PF8-intercalated SnS, prepared with deuterated solvent
species and showing strong intensity correlations between the conjugated polymer and
multiple surface Sn sites.
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