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All-Gaseous Deposition of Nanocomposite Films

Cross-Reference to Related Application

This application claims the benefit of U.S. Provisional
Application for Patent Serial No. 60/843,996, filed on September 12,

2006, which is incorporated herein by reference.

Statement of Government Interest

This work was supported by National Science Foundation grant
CHE-0241425 and U.S. Department of Defense contract W81 XWH-05-

2-0093. The government may have an interest in this invention.

Field of the Invention

The present invention relates to organic-inorganic
nanocomposite films for photovoltaic and non-linearly optically

absorbing applications.

Background of the Invention

Physically small structures are being investigated with intense
interest. Research in nanotechnology is being conducted, for example,
in the fields of electronics, computer science, chemistry and biology.
One type of structure being investigated is referred to as a "quantum
dot,” which is a particle having a size sufficiently small that the addition
or removal of an electron causes the chemical, optical and electrical
properties of the structure to be altered in a meaningful manner.

_ Quantum dots have been studied since the 1980s, for a variety of
practical purposes. Often, a practical use of quantum dots requires the

quantum dots to be associated with a carrier or other medium, to fix the
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quantum dots in position and to enhance their desired operational
characteristics. A wide variety of different materials have been
proposed for use as quantum dots and their carriers. Quantum dots
formed of lead salts clusters such as PbS and PbSe have been embedded
in a polymer matrix for use in photovoltaics, but only low efficiency
photovoltaic devices of this type have been reported. PbS quantum dots
have also been proposed for nonlinear optical applications, which
include non-linearly optically absorbing. However, both applications
employ quantum dot materials prepared from solution.

There are advantages to avoiding the use of colloidal or solution
phase methods in forming quantum dots. For example, depending on the
material from which they are formed, quantum dots manufactured by
liquid deposition may pose health risks to personnel coming into contact
with the materials produced or with byproducts of the process. Also,
significant quantities of solvents are consumed in the production

process, giving rise to environmental concerns.

Summary of the Invention

The present invention provides a method of producing a
nanocomposite film on a substrate by co-depositing surface
polymerizing organic monomers/oligomers and gaseous lead salt
clusters on the substrate to form a conducting polymer matrix embedded
with the lead salt clusters. The lead salt clusters are preferably selected
from the group consisting of lead sulfide (PbS), lead selenide (PbSe),
lead telluride (PbTe) and mixed compounds thereof including PbScSe;.«,
PbS,Te,.x and PbSexTel_x.‘

A preferred embodiment comprises simultaneously depositing
lead salt clusters and a conducting polymer film so as to embed the lead
salt clusters in the conducting polymer film. The present invention

provides a nanocomposite film and a method of producing the
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nanocomposite film by gaseous deposition. The lead salt clusters are
formed in a vacuum environment and are trapped in a three-dimensional
conducting polymer matrix by the co-deposition process.

The present method provides a nanocomposite film for
photovoltaic and non-linearly optically absorbing applications. In
particular, a photovoltaic cell or an non-linearly optically absorbing
device for blocking laser radiation can include a nanocomposite material
as described herein comprising a conducting polymer film and a

plurality of lead salt clusters dispersed in the conducting polymer film.

Brief Description of the Drawings

Figure 1 is a schematic representation of an arrangement for
producing nanocomposite films;

Figure 2 is a schematic diagram of an apparatus used for multi-
component surface polymerizétion by ion-assisted deposition
(McSPIAD);

Figure 3 is a UV/Vis spectra of C,H4'/Ti- phthalocyanine (Ti-Pc)
films deposited at various ion to neutral ratios and Ti-Pc only evaporated
films;

Figure 4 shows a scanning electron micrograph of PbS
nanocrystals and an inset of an X-ray photoelectron spectrum of the Pb
component in this film;

Figure 5 shows transmission electron micrographs of PbS
nanocrystals (at two size scales and histogram of their size distributions;

Figure 6 shows an arrangement for the electrical characterization
of nanocomposite films using an X-ray photoelectron spectrometer;

Figure 7 shows a survey X-ray photoelectron spectra of a
nanocomposite film composed of PbS nanocrystals and titanyl

phthalocyanine;
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Figure 8 shows optical absorbance spectra of a nanocomposite
film composed of PbS nanocrystals and titanyl phthalocyanine (solid
line) and that of titanyl phthalocyanine alone (dotted line);

Figure 9 shows energy dispersive X-ray spectra of a
nanocomposite film composed of PbS nanocrystals and titanyl
phthalocyanine; and

Figure 10 shows transmission electron micrographs (a) lead
nanocrystals without organic co-deposition, (b) PbS nanocrystals co-
deposited with sexithiophene (inset is expanded view of PbS nanocrystal
showing lattice fringes). (c) Particle size distribution and (d) optical

absorbance are shown for the composite (b).

Description of the Preferred Embodiments

There are several societal and scientific motivations for studying
topics related to photovoltaic production, with the goal of providing new
photovoltaics (PVs). These include the high cost of oil, political
instability in the major oil-producing regions, global warming resulting
from burning fossil fuels, and potential future fuel shortages. These
energy issues reemphasize the long-term political and economic need for
seeking alternative energy resources [23]. Conversion of solar energy
into electricity via photovoltaics is one renewable energy resource that is
becoming economically viable [32].

A recent Department of Energy report describes the need for
improved PVs that cost less to produce and display higher solar radiation
to electrical energy conversion [1]. This report also points out the need
for a combinatorial experimental approach for the development of new
types of PVs, as their mechanisms of energy conversion are often poorly
understood.

It is useful to briefly review the background on Lead Salt-

Polymer Nanocomposite PVs. There are many candidates for new types

4-
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of PVs, but interest is focused herein on quantum dot (QD)-organic
nanocomposite materials [24]. A PV must perform several functions to
efficiently convert solar radiation to electrical current [25, 26]. First, it
must optically absorb a photon, to form an exciton. Second, the exciton
must be efficiently ionized and the resultant charges rapidly separated to
create current. A variety of QD-polymer nanocomposites have been
examined for PVs. Cg [26, 28], carbon nanotubes [29], anatase TiO,
[30], and CdSe nanorods [31] have been examined for the QD or
equivalent phase. A variety of polymers and small organics have also
been examined for such PVs including sexithiophene, pentacene,
poly(phenylene vinylenes), and metal phthalocyanines [32, 33].

The target PV materials described herein are lead salt quantum
dot-conducting polymer nanocomposites [1, 2]. There are several
motivations for utilizing lead salt quantum dots (QDs), including lead
sulfides (PbS), lead selenides (PbSe), lead tellurides (PbTe), and alloys
thereof. The lead salts display strong quantum size effects which ready
tuning of their optical absorption with QD diameter [35]. However,
perhaps the greatest potential of lead salts involves the possibility of
accessing multiple exciton mechanisms for high efficiency, low cost
PVs. Traditional PVs create only one exciton per absorbed photon, so
even the narrowest bandgap PVs are limited to a theoretical efficiency of
~32% as photon energies in excess of the bandgap are lost to simple
lattice heating. The production and capture of multiple excitons for each
absorbed solar photon would boost theoretical PV efficiency above the
32% Shockley-Queisser limit to 50% or more, dramatically improving
the economics of solar energy to electric conversion. Multiple exciton
generation has been demonstrated for PbSe, PbS, and other QDs using
ultrafast laser techniques [36, 37], but this advance has not yet lead to
high efficiency PV devices [2, 38].

PCT/US2007/019894



10

20

25

30

WO 2008/108809

There are several other potential advantages of PbS QDs in
particular. PbS displays a high electron affinity which will enhance
charge transfer from the polymer phase. PbS is also inexpensive and
highly abundant within U.S. borders, being the most common
component of the mineral galena. Finally, PbS is thought to be less
toxic than many other nanomaterials, especially those containing
cadmium. PV devices composed of PbS or PbSe QDs embedded in a
conducting polymer matrix have been produced, but only low efficiency

devices of this type have been reported to date [3, 8, 39, 40, 43].

Formation of Photovoltaic Films

As will be seen herein, the present invention contemplates the
formation of conductive films, photovoltaic films and other useful
structures, using a variety of methods. Broadly, two techniques are
discussed in detail herein. In a first, more preferred class of techniques,
gaseous deposition, especially gaseous deposition using one or more
evaporation steps is employed. In a second class of techniques, surface
polymerization by ion-assisted deposition (SPIAD) is used to
polymerize gaseous organic monomers to produce conducting polymer

films.

Background on Gaseous Deposition of Nanomaterials

All the lead salt-polymer nénocomposite PVs devices produced
to date have been prepared from the solution phase using colloidal
techniques. However, various work has shown that gaseous deposition
techniques are quite powerful for producing nanomaterials. Haberland
and coworkers demonstrated that intense beams of cluster ions can be
prepared by magnetron sputtering of a solid target followed by gaseous
condensation to form clusters of sufficient intensity so that they can be

deposited as films on surfaces [4]. Haberland sources have been used to

-6-
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prepare novel magnetic nanomaterials by codeposited cluster ions (i.e.,
Fe,) with evaporated atoms (i.e., Co) [42, 44]. Decaborane ion
deposition has been used for ultrashallow doping of Si wafers [12, 55].
Mass-selected metal ion deposition has been used to prepare metal
nanocrystals on oxide supports to probe size-dependent catalytic effects
[45, 46].

Gaseous condensation methods are also used to produce both
native and organic-functionalized nanoparticles [47, 48]. In fact, one of
the largest producers of metal oxide nanoparticles uses gaseous
condensation methods (see nanophase.com). Lead salt nanoparticles
have been prepared by gaseous condensation of the thermally evaporated
salts [49, 50]. Sputtering or sulfur ion implantation have been used to
produce PbS QDs in silicate glasses [S1, 52]. Finally, a combination of
irradiation and gas/solid reactions have been used to produce PbS-
polymer nanocomposite fibers from Pb-containing polymer fibers [43].

Ion cluster gaseous deposition techniques and polymer matrix gaseous
deposition techniques are combined to form nanocomposite films that exhibit
characteristics useful, for example, in photovoltaic and sensor protection devices.
According to the present invention, a three-dimensional array of intact ion clusters
comprising quantum dots are embedded in a conducting polymer matrix. The ion
clusters and the polymer matrix are formed using their own respective gaseous
deposition techniques. Varying each gaseous deposition technique, or
simultaneously varying both gaseous deposition techniques alters the
characteristics of the resulting nanocomposite film. Various examples of gaseous
deposition techniques will be discussed herein, beginning with the Gas Phase
Deposition of Lead Sulfide Nanocrystal / Titanyl Phthalocyanine Composite

Films.

Gas Phase Deposition of Lead Sulfide Nanocrystal / Titanyl Phthalocyanine

Composite Films
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Composite materials composed of semiconductor nanocrystals (NCs)
dispersed in organic or polymer matrices are considered herein for use in
photovoltaics, photodiodes, nonlinear optical devices, and other applications [58].
This interest arises from the possibility of tuning the optoelectronic properties of
the nanocomposite by varying the NC size and concentration within the organic

matrix [59].

One design of organic photovoltaic employs a nanocomposite film
composed of a nanoparticle electron acceptor embedded in an organic or
polymeric electron donor [1]. However, the performance of these devices is
limited by the ~10 nm maximum distance over which photogenerated excitons
can diffuse before they dissociate into charges (prior to charge collection). This
exciton diffusion bottleneck has lead to the development of mixed heterojunction
photovoltaic devices, where NCs are closely spaced, multiple donor-acceptor
interfaces exist, and efficient charge collection and hoping occurs throughout the

entire layer to adjacent electrodes [58].

Lead sulfide (PbS) NC containing thin films are also considered herein for
application in photovoltaics and other optoelectronic devices [60-64]. Bulk PbS is
a group IV-VI semiconductor with a narrow band gap of 0.41 eV at room
temperature [59]. For PbS nanocrystals below 20 nm, strong quantum size effects
occur and include a size tunable bandgap. PbS is also an attractive material for the
study of quantum confinement effects as its hole Bohr radius is 18 nm [2]. There
are several other potential advantages of PbS NCs including their high electron

affinity, which will enhance charge transfer from an organic phase.

Lead salt NC-organic photovoltaic devices may be prepared from the
solution phase using colloidal techniques [61, 62, 68].Alternatively, gaseous
deposition techniques possess certain advantages for the synthesis of pure NCs,
polymer films and their nanocomposites [66-72]. Gaseous deposition is

inherently suited to film deposition, is compatible with traditional methods of

-8-
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fabricating semiconductor devices, allows control of disadvantageous oxidation
during the deposition process by exclusion of air and solvents, and may reduce the

agglomeration of NCs.

Gaseous deposition is used to synthesize a nanocomposite film with <5
nm diameter PbS NCs of narrow size distribution embedded within a titanyl
phthalocyanine (TiPc) organic matrix. Different organic matrices can be chosen
for specific applications of the nanocomposite [71, 73, 74]. TiPc displays rapid a
optical response, easy processability, and large excited state cross section, which
allow use of these compounds for various applications, such as organic

photovoltaics [75, 76].

Films were deposited using a commercial cluster beam deposition source
(Nanogen-50, Mantis Deposition Ltd., Oxfordshire, UK) which combines
magnetron DC-sputtering and gas-agglomeration techniques in a fashion similar
to that originally developed by Haberland and coworkers [77]. However, the
cluster deposition apparatus was modified to input reactive H,S gas in addition to

the noble sputtering/carrier gases typically used in such sources [78].

The mostly negative charged clusters can be accelerated to modulate their
interaction with organic component. Soft-landing of the (PbS), clusters into the
soft polymer matrix allow the clusters to maintain their three-dimensional

structure upon deposition.

An organic doser and quartz crystal microbalance are employed for
thermal evaporation of neutral TiPc and measurement of particle flux rate [79].
The films are deposited on indium tin oxide (ITO) coated glass for optical and
structural characterization. Transmission electron microscopy (TEM) is used to
measure the size of the NCs in composite films prepared directly on TEM grids.

Figures 5(a) and 5(b) show a transmission electron micrograph of PbS

nanocrystals (NCs) deposited into TiPc and (c) PbS NC size distribution. PbS
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NCs display a narrow size distribution ranging from 2 to 3 nm and are not
agglomerated. Figure 5(b) displays a higher magnification image of an individual
nanocrystal showing PbS lattice fringes.

The size of PbS NCs is an important parameter that determines their
bandgap and optical properties. The size of PbS NCs controls not only their
linear optical absorbance spectrum [59], but also their extinction coefficients [63].
Both will affect photovoltaic performance. It has also been postulated that narrow
NC size distributions and small particle spacings may allow the overlap of NC
electronic states and permit multiple exciton generation [80-82]. Fig. 5 showsa
TEM image of NC films deposited on a TEM grid at the same conditions as for
thick films on ITO coated glass. The PbS NCs appeared homogeneously
distributed in the TiPc film. The mean spherical particle size of the NCs was
estimated to be 2-3 nm diameter. Fig. 5b shows the TEM image of an individual
PbS nanocrystal, clearly revealing the lattice fringes. TEM also showed PbS
nanocrystals evenly dispersed throughout the film without agglomeration. The
soft-landing of (PbS), clusters into the soft TiPc organic layer appeared to
maintain the three-dimensional structure of the clusters upon deposition and
enabled the NCs to retain their sphericity, which is driven by the system
minimizing its surface energy to facilitate an energetically more stable
nanoparticle. In the absence of the TiPc matrix, (PbS), clusters aggregated into

larger, irregular-sized particles.

Figure 7 shows survey X-ray photoelectron spectra (XPS) of the typical
PbS -TiPc nanocomposite film showed the S 2p, S 2s, Pb 4f, Pb 4d, Pb 5d, O Is,
C Is,N Is and Ti 2p peaks. The S 2s core level (inset) showed no oxidation of the
PbS nanocrystals. X-ray photoelectron spectroscopy (XPS) is used to show that
PbS is successfully incorporated into the TiPc matrix during co-deposition by
determining the surface composition of the nanocomposite films. . Fig. 7 presents
the XP spectra of a typical PbS-TiPc nanocomposite film. The XPS film content
showed the expected elemental content of Pb, Ti, N, C, O, and S where the

oxygen present was that originally complexed to the Ti atom in TiPc. With the

-10-
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present invention, no presence of sulfur is detected with H,S flow and magnetron
sputtering is absent, indicating no reaction of H,S with TiPc. The XPS Pb/S ratio
was set to unity by controlling the overall gas flow and setting the ratio of Ar:H,S
at 1:1. Varying flow parameters affected the size of the PbS NCs [83]. The core
level C Is XP spectra showed no change between the TiPc and PbS-TiPc
nanocomposite films, indicating the phthalocyanine structure remained intact in

the presence of PbS NCs.

PbS NCs can undergo oxidation from air [65,84] which may cause
unfavorable changes in their optoelectronic properties. The observed XPS peak
position for the deposited film corresponded to unoxidized PbS (Fig. 7). The S 2s
region indicated that the majority of the sulfur was sulfide, S at 225.5 eV, while
oxidized S at 232 eV (i.e., SO4>) was not observed [84]. The PbS/TiPc
nanocomposite films were quite stable to oxidation and did not show any

significant changes in the S 2s XP spectra after several days of air exposure.

The formation of PbS NCs was further confirmed by energy dispersive X-
ray analysis, where the Lg, Lo, and M, lines of Pb were readily identified at 12.65,
10.55, and 2.35 keV, respectively. Because the S K, line (2.31 keV) overlapped
with the Pb M line it could not be separately identified. The appearance of Cu
and Au signals is attributed to the sample holder and TEM grid, and Ti signal
attributed to the TiPc matrix.

Figures 8a and 8b show UV/Vis absorbance spectra of a typical PbS-TiPc
nanocomposite film (Figure 8a) as well as spectra of TiPc pure evapdrated film
(Figure 8b) deposited on indium tin oxide (ITO) coated glass. The visual
appearance of the deposited nanocomposite film color red-shifted progressively
from blue (the color of TiPc only) to pale-yellow as the concentration of PbS
increased. Therefore, TiPc films both with and without PbS NCs were
characterized with UV/Vis absorbance spectroscopy. Fig. 8 shows a typical
reproducible UV/Vis absorbance spectra of PbS-TiPc co-deposited films as well

-11-

PCT/US2007/019894



10

15

20

25

WO 2008/108809 PCT/US2007/019894

as spectra of TiPc evaporated films (all on ITO coated glass). The TiPc matrix
absorbed in the visible spectral range and the observation of a Q-band peak (~700
nm) and B-band below 400 nm are characteristic features for the TiPc compound

[76, 85-87].

However, it is clear that there was a difference between the UV-Vis
spectra of pure TiPc and PbS-TiPc nanocomposite films with a strong absorbance
for the nanocomposite film appearing in the visible region between 400 and 600
nm. This is attributed to the optical absorbance of the PbS NCs and further
confirms their formation within the organic matrix. The spectra of the TiPc
matrix also undergoes significant changes after inclusion of the PbS NCs (Fig. 8,
éurve a). The Q-band for the PbS-containing film was narrower and shifted to a
shorter wavelength, possibly resulting from changes to the molecular packing of

TiPc in the presence of the PbS NCs.

In summary, the gas phase deposition of nanocomposite TiPc films with
embedded <5 nm PbS nanocrystals is employed by the present invention in a cost
effective manner. Simple magnetron sputtering of a Pb target in Ar-H,S
atmosphere generates (PbS), clusters in vacuum which were then trapped in an
organic TiPc matrix. TEM analysis found non-agglomerated NCs with mean size

0of 2.7+0.6 nm. If desired; the size and stoichiometry of the clusters could be

. tuned by varying source parameters including those affecting sputtering and

Ar:H,S ratio. This universal scheme will also allow deposition of other
nanocomposite films composed of any evaporable organic and inorganic
nanocrystals that can be produced by sputtering and reaction within the cluster
source. For example, Pb NCs have been deposited into TiPc matrices and PbS
NCs have been deposited into sexithiophene matrices using these methods. The
techniques discussed here are used for the gaseous synthesis of nanocomposite
TiPc¢ films with embedded <5 nm PbS nanocrystals. This exemplary deposition
method produces (PbS), clusters by simple magnetron sputtering of Pb target in

an Ar-H,S atmosphere and then trapping them in an organic TiPc matrix. Size

-12-
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classification of PbS clusters found non-agglomerated, ~2-3 nm diameter

nanocrystals of a narrow size distribution.

In one example, a commercial DC-sputtering source (typical power
~30W) is used for vaporizing Pb targets and condensing the Pb plasma into
clusters (Nanogen-50, Mantis Deposition Ltd, Oxfordshire, UK). The magnetron
is operated at Ar and H,S gas flow rate 15-30 sccm with a 1:1 ratio of Ar:H,S gas
flow injected continuously from an inlet in front of the Pb target. Clusters are
formed in the Ar and He carrier gas flow within a water cooled aggregation zone,
and ejected through the nozzle and one skimmer (which is differential pumped),
then deposited onto substrates in the chamber (at ~107 torr pressure during
deposition). A typical cluster beam current of a few nanoamperes, equivalent to
~10° clusters/s, was used, but it was not found necessary to determine the neutral
to ion fraction of clusters. The doser temperature for the evaporation of neutral
TiPc ranges from 570 to 618K. The grids, which consist of carbon-coated film
supported by Cu or Au grid, are used as substrates for transmission electron
microscopy (TEM) observations. The filling fraction of nanocrystals or mass
ratio of TiPc:PbS is monitored by a quartz crystal microbalance. Typical samples

displayed a TiPc:PbS mass ratio ranging from 2:1 to 5:1.

Figure 9 is a plot showing Energy dispersive X-ray spectra of the typical
TiPc-PbS nanocomposite film deposited on carbon film supported on a Cu/Au
grid. The appearance of Cu and Au signals was attributed to the TEM grid, and
Ti signal was attributed to the TiPc matrix. TEM images and energy dispersive
X-ray spectra are obtained by employing a JEOL-3010 microscope operated at an
electron beam energy of 300 keV. X-ray photoelectron spectra (XPS) are
recorded on samples using a Kratos Axis 165-HS spectrometer operating with
monochromatic X-radiation at 150 watts. The spectra are calibrated to the C Is
line from the organic phase at 285 eV. Charge neutralization was carried out on
all samples using a low energy electron flood gun to eliminate sample charging

during analysis.

-13-
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Lead Sulfide Nanocrystal-Polymer Composites for Optoelectronic

Applications
Nanocomposite films are prepared in which lead sulfide (PbS)

nanocrystals are contained in an organic matrix. These films are prepared by
gaseous deposition of nanocrystals into the organic phase. The nanocrystals in
the composites are free from surfactant capping layers that otherwise would add
an interfacial region between the nanocrystal and the organic matrix. The gaseous
deposition technique has several advantages over wet chemical synthesis in that it
allows direct control over nanocrystal size and density, improved flexibility in the
choice of organic phase, and is compatible with lithographic methods.

Lead sulfide (PbS) is a group IV-VI semiconductor with a bulk band gap
of 0.41 eV. PbS nanocrystals have a size-tunable band gap, from the visible into
the near-infrared region, and have potential as photovoltaics, photodiodes, and
nonlinear optical devices [88-94]. PbS is one of several types of semiconductor
nanocrystals which are considered herein for high efficiency photovoltaics via a
multiple exciton generation mechanism [95].

PbS nanocrystals are typically synthesized using colloidal methods in
which surfactant molecules in solution act as size limiters in the growth of the
nanocrystals [89]. These surfactant molecules cap the surface of the nanocrystals
and become an additional layer or interfacial region when the nanocrystals are
dispersed in an organic matrix.

The surfactant capping groups on nanocrystals can greatly affect the
properties of the composite. Methods are therefore required in which the
nanocrystals can be grown within or deposited into an organic phase without this
capping layer. Composite materials of PbS nanocrystals in polymers were
synthesized by colloidal methods where the nanocrystals were grown directly in
the presence of a polymer which acted as the size-limiting reagent [94].

Figure 1 shows an alternate method: gaseous deposition which creates

semiconductor nanocrystals and co-deposits them within an organic matrix. PbS

-14-
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nanocrystal-polymer composite films are prepared by both the established
colloidal method [94] and this new gaseous deposition method. Both methods
prepared composites that were free of surfactants capping the PbS nanocrystals.
As can be seen in Figure 1, a schematic diagram is shown for the co-deposition of
PbS nanocrystals with an organic phase via gaseous deposition using a Haberland
source [96] for cluster formation and physical vapor deposition of the organic

phase.

Gaseous Deposition of PbS-Sexithiophene Composite Films

The gaseous deposition of nanocrystal-organic oligomer composite films
is designed to produce similar films as those prepared by the colloidal method.
The gaseous deposition method also produces nanocrystals free of surfactant
groups, similar to the colloidal techniques. A commercial Haberland-type cluster
source (Nanogen-50, Mantis Deposition Ltd., Oxfordshire, UK) [96] is employed
for PbS gaseous cluster formation. This source produces gaseous lead species by
magnetron sputtering of a metallic lead target. The lead vapor is reacted with
hydrogen sulfide gas to form lead sulfide vapor which travels through a water-
cooled aggregation zone under a flow of helium gas, leading to cluster
condensation in vacuum. The clusters exit the source to be co-deposited with an
organic oligomer emitted from a heated organic doser. The deposition rates of the
neutral organic layer and nanocrystals are monitored in situ by quartz crystal
microbalance and UV-visible absorption.

Figures 10a-10d show a gaseous deposition of nanocrystals, with a TEM
image of the deposition of (Figure 10a) lead nanocrystals without organic co-
deposition, (Figure 10b) PbS nanocrystals co-deposited with sexithiophene (inset
is expanded view of PbS nanocrystal showing lattice fringes, see Figure 10c).
Particle size distribution and (Figure 10d) UV-visible absorption are shown for
the composite (Figure 10b). A TEM image of lead nanoparticles deposited alone
is shown in Figure 10a. This TEM image indicates clumping and aggregation of

the lead particles occur in the absence of a co-deposited organic. However, when
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nanocrystals of Pb are deposited with an organic matrix, spherical nanocrystals
are formed. PbS clusters co-deposited with a sexithiophene (6T) organic
oligomer lead to the film examined by TEM in Figure 10b: The spherical
nanocrystals are uniformly dispersed in the composite and do not show the
clumping seen in Figure 10a. The inset of Figure 10b shows the lattice fringes of
the PbS particle, indicating crystallinity.

The mean particles size of the nanocrystals in the 6T was found to be ~3
nm, with a smaller size distribution shown in Figure 10c than was observed for
the colloidal synthesis with MEH-PPV. The UV-visible absorption spectrum for
the PbS/6T composite, Figure 10d, showed a similar increase in broadband
absorption to what was seen in the synthesized PbS/MEH-PPV composite.

Despife the similarity of the composite films prepared from the two
methods, the gaseous deposition has several distinct advantages over the wet
chemical synthesis. One advantage is the flexibility in selection of the organic
phase. The gaseous deposition allows any evaporable material to be used while
solubility in the solvent and nanocrystal size distribution are interrelated in the
colloidal method. Thus, the desire for a specific particle size can limit the
potential choices for the polymer in the colloidal method. By contrast, the size of
the clusters produced in gaseous deposition could be tuned independently of the
organic phase, for example by increasing or decreasing the gas flow rate or the
length of the aggregation zone [96].

The gaseous deposition technique also has the ability to directly tune the
nanocrystal density in the composite film, without affecting the nanoparticle size,
by adjusting the rate of organic dosing. Tuning particle density in the colloidal
method is accomplished by varying the nanocrystal reactant to polymer ratio, but
this also affects the particle size distribution.

Finally, the gaseous deposition technique could directly grow thin films of
the nanocomposite in a fashion compatible with the lithographic techniques
commonly used by the microelectronics industry. By contrast, the colloidal

method requires additional steps to remove excess solvents prior to thin film
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casting.

Polymer Matrix Gaseous Deposition

In one example of the present invention, a nanocomposite film is
produced having characteristics useful as a photovoltaic device. The
present invention embeds a three-dimensional array of ion clusters or
quantum dots having a substantial three-dimensional structure in a
conductive polymer matrix suitable for use in a photovoltaic device. In
one example, the quantum dots are formed of PbS or PbSe.

Quantum dots must be embedded into a matrix for practical use
in a photovoltaic device. One example of a matrix employed with the
present invention is a conducting polymer film which generates multiple
exciton activity by controlling the quantum dot spacing and surface
chemistry [2, 3]. The matrix, or polymer phase, can also behave as a
hole conductor, optical absorber and electron donor. Various conducting
polymer films are provided, based upon precursors that include, for
example, sexithiophene, pentacene, poly(phenylene vinylenes) and metal

phthalocyanines.

Alternative Film Formation Methods

Various methods can be used to deposit conducting polymers or oligomers
on surfaces. These methods include simple evaporation of oligomers,
photopolymerization, electron beam polymerization, plasma polymerization or
laser ablation of polymers. Other applications are well-known to those skilled in
the art. In carrying out the present invention, the preferred method of film
formation is to utilize a gas phase deposition process, especially one that utilizes
evaporation as a concluding step.

According to a less preferred method, films are formed using surface

polymerization by ion-assisted deposition (SPIAD) is used to polymerize gaseous
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organic monomers to produce conducting polymer films. However, as pointed
out above, many other ways of making organic films such as the more preferred
gaseous deposition methods described above could be employed, as well. For
example, another all-gaseous method of producing nanocomposite films has
recently been described using evaporative techniques [56]. A paper describing
this latter method, along with German Patent No. DE 10316379 A1 (11/4/04) by
F. Faupel et al. are discussed in a Vacuum Technology Coating article [57].
SPIAD has been previously used to grow polythiophene films by
the simultaneous deposition of <200 eV thiophene ions and evaporated
terthiophene neutrals [16]. This work showed that the extent of
polymerization and the optical properties of the polythiophene film are
tuned by control of ion energy and ion to neutral ratio [17, 21]. Film
thickness is trivially controlled down to the subnanometer scale by
varying the overall fluence of ions and neutrals.
According to one aspect of the present invention, it has been
discovered that the essentially combinatorial approach of SPIAD is
extended by use of new ions such as Ar" or C;H," and/or neutral species
such as terphenyl, poly(phenylene vinylenes), or metal phthalocyanines.
Furthermore, a second doser is installed for the deposition of mixed
polymer films to enhance, for example, both hole and electron
conduction [2]. Arrays of nanocomposites are prepared on single
substrates by tuning these various experimental parameters, and then
screening the resulting products for photovoltaic properties using surface
photovoltage spectros.copy with a solar simulating lamp and a Kelvin
probe [10]. Those candidate films displaying the strongest surface
photovoltage response in the solar spectrum will be further characterized
by photoemission and electron microscopy.
According to another aspect of the present invention, it is
important that the conducting polymer matrix be compatible with the

sputtering processes used to form the ionic clusters, in both a chemical
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as well as a physical sense. For example, it is important that the
conducting polymer matrix provide a soft landing for the sputtered ionic
clusters, so as to preserve their three-dimensional cluster structure.

Further details concerning the formation of the conducting
polymer matrix and a description of exemplary materials are found in
U.S. Patent Application Publication No. US2004/0247796 dated
December 9, 2004, the disclosure of which is incorporated by reference
as if fully set forth herein. Work has progressed and films have now
been produced with materials in addition to polythiophene.

For example, the organic ion and neutral oligomers of the
monomers include, but are not limited to, thiophene, dithienothiophene,
ethylenedioxythiophene, terphenyl, sexiphenyl, pentacene, diphenyl
perylene, aniline, phenylene, phenylene vinylene, pyridine, a
phthalocyanine, a porphyrin, bithiazole, oligomers, and derivatives of all
of the above, and mixtures thereof.

The substrate for the conducting polymer film can be, for
example, a metal (e.g., gold), a semiconductor, a ceramic, a plastic, a
polymer, a self-assembled monolayer, or a nanotube. Other substrates
that are known to persons skilled in the art, and that are stable in a
vacuum, also can be used.

The present method has been used to prepare polythiophene and
phthalocyanine films. However, the present method is not limited to
polythiophene. The present SPIAD method can be used in the
preparation of essentially any organic conducting polymer, both
homopolymers and copolymers, for example, polyterphenyl.

Examples of organic ions useful in the preparation of the organic
phase include, but are not limited, to H', H,S", SO5", C;H,", C4H.S",
CeHe", CéH,N*, CsHsN™, C4H4O", and other small organic ion species as

well as derivatives thereof, and mixtures thereof.
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Other specific oligomers for producing the organic phase
include, but are not limited to, terthiophene, sexithiophene,
ethylenedioxythiophene, terphenyl, quaterphenyl, sexiphenyl,
poly(phenylene vinylenes), porphyrins, phthalocyanines, pentacene,
diphenyl perylene, derivatives thereof, and mixtures thereof.

As mentioned, the present invention can be employed to provide
significant advances in the field of sensor protection and non-linearly
optically absorbing devices. In these types of applications, it is
important that the polymer matrix be sufficiently clear. At least some of
the same materials described above can also be applied as optical

limiters.

Nanocomposite Film Preparation by Multicomponent SPIAD

(McSPIAD)

Lead salt-polymer nanocomposite thin films are deposited using

a gaseous deposition metholi that has evolved from the SPIAD
technique, referred to herein as multicomponent surface polymerization
by ion-assisted deposition (McSPIAD). The McSPIAD procedure and
apparatus are depicted schematically in Figures 1 and 2, respectively. In
Figure 1, a schematic diagram of multicomponent surface
polymerization by an ion-assisted deposition (McSPIAD) procedure is
shown. PbS is used to denote a typical QD component while thiophene
ions and terthiophene are used to signify a typical polymer component.
Figure 2 is a schematic diagram of an apparatus for performing the
McSPIAD procedure. Note that the Kaufman ion gun is actually located
above the organic doser, angled downwards onto the sample.

The McSPIAD apparatus can be used to embed 1 to 10 nm
diameter PbS or PbSe QDs into embedded conductihg polymer films up
to a few microns thick. The films are prepared by simultaneous gaseous

deposition of PbS (or PbSe) cluster ions and surface polymerization of
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gaseous organic monomers by ion-assisted deposition. PbS cluster ions
are prepared by magnetron sputtering of a solid target followed by
gaseous condensation to form clusters in a Haberland source [4].
Various work has shown that PbS and PbSe can be magnetron sputtered
[54]. A commercial cluster source (Mantis Deposition Ltd.,
Oxfordshire, UK) can be used for deposition. The Mantis source
produces clusters in the 1 - 10 nm size range which can be size-tuned by
adjustment of the gas flow and magnetron position. Furthermore, the
mostly negatively charged clusters can be accelerated to modulate their
interaction with the conducting polymer component. However, soft-
landing of cluster ions into the soft polymer matrix will allow the
clusters to maintain their three-dimensional structure upon deposition.

The polymer phase of the nanocomposite films is prepared by
SPIAD, which polymerizes gaseous organic monomers to produce
conducting polymer films. SPIAD has been previously used to grow
polythiophene films by the simultaneous deposition of <200 eV
thiophene ions and evaporated terthiophene neutrals [13, 15]. This work
showed that the extent of polymerization and the optical properties of
the polythiophene film can be tuned by control of ion energy and ion to
neutral ratio [16, 17]. Film thickness can be trivially controlled down to
the subnanometer scale by varying the overall fluence of ions and
neutrals.

Figure 3 shows UV/Vis absorbance of 50 eV C,H,*/Ti-Pc
SPIAD films deposited at ion to neutral ratios of 1/1, 1/2, 2/1, and Ti-
phthalocyanine (Ti-Pc) only evaporated films grown on ITO coated
glass. All films are normalized by the quartz crystal microbalance
(QCM) frequency change, which is proportional to film thickness.
Integer numbers on peaks correspond to maximum wavelength in nm.

Recent work has shown that the essentially combinatorial

approach of SPIAD can be extended by use of new ions such as Ar+ or
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C,H," and/or neutral species such as terphenyl [21] or metal
phthalocyanines, both of which have been used in organic PVs. For
example, the UV/Vis absorption of Ti-phthalocyanine films can be
shifted by SPIAD using various acetylene (C;Hy") ion/neutral ratios, as
shown in Figure 3. Combinatorial section of optical properties is
achieved in SPIAD by tuning either ion/neutral ratios or ion energies
[17].

Various chemical and morphological analyses have been applied
to these films. Prior work has demonstrated that x-ray photoelectron
spectroscopy [15], scanning electron microscopy [19], x-ray diffraction
[19], mass spectrometry [16, 17], and the quartz crystal microbalance
[17] can be used to characterize SPIAD film chemistry, morphology,
crystallinity, polymerization, and thickness. An x-ray/ultraviolet
photoelectron spectrometer is employed herein.

Previous work has shown that changes in the highest occupied
electronic states of SPIAD vs. evaporated organic films can be
determined by ultraviolet photoelectron spectroscopy, a method well-
developed for probing organic film valence bands [53]. Previous work
combined ultraviolet photoelectron spectroscopy with near edge x-ray
photoelectron spectroscopy to show that the bandgap of SPIAD films is
reduced compared to their evaporated counterparts [21]. However,
electron energy loss is a better method to probe organic film bandgaps.

The engineering of interfaces using ion beam deposition to raise
the work function of a substrate will now be considered, with initial
empbhasis on blocking exciton transport. The Haberland cluster gun has
been recently used to deposit PbS cluster ions on solid surfaces and the
films measured by scanning electron microscopy. The PbS clusters
appear ~20 - 50 nm in diameter on image, but are likely agglomerated
following deposition. Agglomeration can be avoided by simultaneous

deposition into soft polymer films. The film content is verified by x-ray
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photoelectron spectroscopy of the Pb (see Figure 4) and S components
(data not shown). Figure 4 shows a scanning electron micrograph of
PbS cluster ions deposited on a substrate. The inset depicts
characteristic Pbss spin-orbit split peak from x-ray photoelectron
spectroscopy of the PbS film appearing between 135 - 145 eV binding
energies. |

The next step in PbS-polymer nanocomposite film deposition
involves simultaneously depositing PbS cluster ions and organic films
by SPIAD. Arrays of nanocomposites are prepared on single substrates
by tuning the various McSPIAD experimental parameters. The arrays
are screened for photovoltaic properties using surface photovoltage
spectroscopy, as further described below.

Finally, the optimal films are examined by the aforementioned
characterization methods as well as methods utilizing surface
photovoltage techniques.

Further, U. S. Patent Application Publication 2006/0243959,
published November 2, 2006 (the disclosure of which is herein
incorporated in its entirety) may be used to configure a photovoltaic cell
to take full advantage of the techniques considered herein. In one
example of photovoltaic cell according to the present invention, a
nanocomposite film is prepared by any of the methods herein, so as to be
deposited onto a transparent conductive electrode such as indium tin
oxide coated glass then coated with a ~10 nm thick aluminum
overlayer. When connected to an external circuit and exposed to
ambient solar radiation (AM1.5) leading to a light to electricity external
power conversion efficiency in excess of 10%, as determined by the |
standards and methods set forth by the U.S. National Renewable Energy
Laboratory.
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Quantum Dots Formed by Gaseous Deposition

Several gaseous deposition techniques have been discussed
above as being preferred for film preparation. The alternative methods
of film formation are also desirable from a technical standpoint, but are
less favored because of the their increased cost. The following
discussion returns to gaseous deposition techniques, with a view toward

the formation of quantum dots.

Ion Cluster Gaseous Deposition

Although quantum dots of various materials have been proposed
for use in photovoltaics and other applications, and are employed in the
present invention, development of the present invention has focused on
three-dimensional structures of lead salts. According to one aspect of
the present invention, quantum dots of PbS and PbSe are of interest for
several reasons. For example, exciton generation has been observed for
PbS and PbSe quantum dots, and both types of nanostructures display
strong quantum size effects. Furthermore, PbS has a high electron
affinity that enhances charge separation in nanocomposite structures,
such as those most preferred in practicing the present invention. As a
further advantage, PbS occurs naturally as galena, an inexpensive and
abundant mineral with significant deposits throughout the United States.

In one embodiment, PbS cluster ions are preferably prepared by
magnetron sputtering of a solid target followed by gaseous condensation
to form clusters in a Haberland source [4]. As is known, PbS and PbSe
are magnetron sputtered [S]. A commercial cluster source (Mantis
Deposition Ltd., Oxfordshire, UK) is used for deposition. This source
employs a He/Ar gas flow to condense atomic and diatomic species
sputtered from the target into cluster ions. The Mantis source produces
intact clusters in a size range of about 1 to about 10 nm which are size-

tuned by adjustment of the gas flow and magnetron position. An
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alternate strategy for producing PbS cluster ions is to magnetron sputter
a pure Pb target while introducing a small concentration of H,S gas into
the He/Ar flow of the source. The mostly negatively charged clusters are
accelerated to modulate their interaction with the conducting polymer
component. According to one aspect of the present invention, a soft
landing is provided for the ionic clusters, during their deposition. In one
example, a soft-landing of cluster ions is provided by a soft polymer
matrix that allows the clusters to maintain their three-dimensional
structure upon deposition, as opposed to the relatively small atomic and
diatomic species predominantly formed by magnetron sputtering. It is
important that the three-dimensional structure of the clusters be
preserved for maximum effectiveness and reproducability.

The present invention can also employ a wide variety of
semiconductor materials other than lead salts. For example, quantum
dots suitable for use in the present invention are prepared from virtually
any solid material that can be sputtered onto a soft landing medium (e.g.,
metals, metal oxides, metal sulfides, metal nitrides and various
semiconductors). Several examples include cadmium sulfide, cadmium

selenide, and gallium arsenide.

Nanocomposite Film Preparation

PbS or PbSe quantum dots having diameters between about 1 to
about 10 nm are embedded into conducting polymer films up to a few
microns thick. The films are preferably prepared by simultaneous
gaseous deposition of PbS (or PbSe) cluster ions and surface
polymerization of gaseous organic monomers by ion-assisted deposition,
as shown schematically in Figure 1 (using thiophene ions and
terthiophene to signify a typical polymer component).

The gaseous deposition method employed in the present

invention allows combinatorial tuning of film properties by selection of
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the SPIAD ion/neutral ratio, the organic ion or neutral structure, the
organic or cluster ion kinetic energy, the cluster source deposition
conditions which select cluster size, or the cluster to conducting polymer
film deposition rate. Quantum dot aggregation in the film is minimized
by Coulombic repulsion of the deposited clusters and ions. Variation of
the elemental content of the quantum dots is also possible and should
change the macroscopic properties of the film. PbS,Se;.x quantum dots
of various x values are generated by sputtering a PbSe target in the
presence of various pressures of hydrogen sulfide gas [5]. The mA
currents of the ion and cluster source allow deposition of ~ 1um thick
films in tens of minutes, indicating that scaling to roll-to-roll
manufacturing is feasible [17, 19].

Control of the well-known deposition parameters, such as those
described above, are advantageously employed to improve photovoltaic
efficiency by several pathways. For example, film optical absorption is
matched to the solar spectrum in the near infrared region by tuning the
quantum dot size distribution and to the ultraviolet/visible (UV/Vis)
region by tuning the conducting polymer film properties, a feature useful
when fabricating optical protection or other non-linearly optically
absorbing devices of the type contemplated by the present invention.
Further, multiple exciton generation events are enhanced by controlling
the spacing of individual lead salt quantum dots.

In addition, multiple exciton generation is enhanced and charge
separation is increased by tuning the surface chemistry at the quantum
dot surface through selection of the polymer phase or the organic or
cluster ion energy, in a previously described manner 12, 13].

Also, hole transport is increased by increasing the concentration
of free protons within the polymer film [19] The charge separation is
increased by increasing quantum dot-polymer phase bonding and

additional advantages are attained by varying the elemental content,
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morphology [21] or other properties to improve the optoelectronic
properties of the nanocomposite film.

There are several other advantages of the present all-gaseous
deposition method. For one, the process employed in practicing the
present invention allows control of disadvantageous oxidation during the
deposition process by excluding air and solvents. Unfortunately, PbS
quantum dots are known to undergo oxidation from air and/or water with
unknown changes occurring in their optoelectronic properties [22]. The
all-gaseous methods preferably employed in the present invention are
also compatible with other gaseous deposition processes used in the
production of photovoltaic devices. Examples include known
evaporation techniques employing an aluminum cathode or techniques
of physically enhanced chemical vapor deposition of an oxidation barrier
layer [9].

In addition, the all-gaseous deposition procedures described
herein are environmentally sound and sustainable for several reasons.
These procedures use little or no solvents, leading to much less chemical
waste compared with solution-based methods. Also, quantum dots
prepared from solution may cause adverse health effects. The present
gaseous deposition procedures produce deposits of quantum dots in a
vacuum environment, and then trap the quantum dots in a conducting
polymer matrix. This method minimizes the release of these potential
hazardous quantum dots to the ambient environment. Known techniques
may be readily employed to trap any nanoparticulate dust upon opening

the chamber by solvent rinsing the chamber prior to handling.

Example
As discussed above, in one example, a nanocomposite film for

use as a photovoltaic device is produced having PbS or PbSe quantum

dots having diameters between about 1 to about 10 nm embedded into a
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conducting polymer film of C;H," and titanyl phthalocyanine (TiPc) up
to a few microns thick. The film is produced using conventional Surface
Polymerization by Ion-Assisted Deposition (SPIAD) techniques to
polymerize a TiPc layer.

Preparation of the film also requires gaseous PbS (or PbSe)
cluster ion deposition that occurs simultaneously with the TiPc layer
polymerization described above. The deposition of the clusters is
carried out in a known manner so as to preserve the ionic three-
dimensional structure. Further, the initial layer of conducting polymer
provides a soft landing for the three-dimensional ionic structures, and
continuous co-deposition of the ion clusters and the conducting polymer
serves to preserve the three-dimensional structure of subsequent ion
depositions. It is generally preferred that deposition of the cluster ions is
limited to a target size slightly smaller than that of the conducting
polymer deposition.

Finally, the resulting three-dimensional array of three-
dimensional ionic structures and the conducting polymer medium is
encased by a final layer of conducting polymer. As a result, the ionic
structures are completely embedded within the conducting polymer,
such that their three-dimensional spacing is preserved, while the
operational characteristics of the ionic structures as quantum dots is
enhanced by the conducting polymer. Deposition of the ionic structures
is carried out in a vacuum environment, as is the deposition of the
conducting polymer, thereby reducing or eliminating health risks

associated with production of the nanocomposite film.

Characterization Methods

Those skilled in the art will readily appreciate that a wide variety
of known, commercially developed evaluation techniques are available

to evaluate nanocomposite products made according to the present
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invention. For example, arrays of nanocomposite films are prepared by
gaseous deposition, then screened in vacuum using surface photovoltage
spectroscopy with a solar simulating lamp and a Kelvin probe [10]. The
films displaying the strongest surface photovoltage response in the solar
spectrum can be further characterized by photoemission, x-ray scattering
and electron microscopy.

Photoemission studies can be performed [12, 13, 15, 16]. For
example, a combined monochromatic x-ray and ultraviolet photoelectron
spectrometer equipped with a low energy electron flood gun for charge
neutralization or electron energy loss spectroscopy is used to determine
film band gaps. Films prepared in the deposition apparatus are vacuum
transferred into the adjacent photoemission apparatus for surface
characterization of elemental content and functional group determination
[12, 13] using x-ray excitation.

Ultraviolet photoemission determines the underlying substrate
work function, ionization potentials of the nanocomposite film, the
barrier to hole injection from the substrate to the film, the surface
density of occupied states including the highest occupied molecular
orbital and the Fermi level/vacuum level offset (S). It is helpful to carry
out photoemission techniques on PbS-polymer nanocomposites prepared
by colloidal techniques [22]. A type of element specific surface
photovoltage spectroscopy can be performed here using the x-ray
photoelectron spectrometer, a monochromated light source and the low
energy electron flood gun [10]. Photoemission techniques have recently
been developed that allow non-contact measurement of electrical
properties of thin films, such as current vs. voltage curves [10, 27, 34,
41].

With reference to Figure 6, morphological characterization of the
nanocomposite films is also accomplished using scanning [21] and

transmission [22] electron microscopy. X-ray surface scattering:
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diffraction [19, 21] reflectivity [14] and standing wave fluorescence [20]
determine the quantum dot and polymer phase crystallinity, the quantum
dot distribution in the film normal to the substrate, and the roughness of
both air and buried interfaces. UV/Vis optical absorption and
photoluminescence of the nanocomposite films is also performed [17,
19]. Further details concerning the method of characterizing the
photovoltaics that is depicted in Figure 6 may be found in U.S.
Published Patent Application 20060103395 A1 by Hagai Cohen and Igor
Lubomirsky, published May 16, 2006, the disclosure of which is herein

incorporated by reference in its entirety.

Conclusion

As described above, an all-gaseous deposition method is
disclosed for the production of a nanocomposite film, such as lead salt-
organic nanocomposites for various applications such as solar to electric
conversion. In another example, the present invention is employed to
provide sensor protection or other types of visual limiting devices, in
the form of visors or lenses, to protect a wearer from harmful radiation.
Such protection is essential for aircraft personnel engaged in civilian as
well as military activities, as well as scientists conducting studies in a
radiation producing environment.

In one example of an optical device according to the present
invention, a lens or a coating on a lens is formed of a nanocomposite
material, comprising a conducting polymer film and a plurality of lead
salt clusters dispersed in the conducting polymer film. In one
application, the optical device attenuates pulsed laser radiation of
wavelengths ranging from about 400 to about 900 nm incident on the
device surface such that the radiation transmitted by the device does not

exceed a laser power density of about 15 microJoules/cm? per pulse.
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Nanocomposites according to the present invention, when
adapted for ultrahigh efficiency photovoltaics, may exceed the
Shockley-Queisser limit by multiple exciton generation [1, 2]. In
practice, arrays of nanocomposite films are combinatorially screened by
surface photovoltage measurements, and the candidate film displaying
the largest photovoltages is further characterized by photoemission, x-
ray scatterings and electron microscopy.

The all-gaseous deposition according to the present invention
provides substantial economic advantages, since it is scalable to a
manufacturing process. Further, the all-gaseous deposition is also
helpful in guiding colloidal preparation of analogous nanocomposites.
Further, as described, the present invention provides previously
unattainable advantages in producing photovoltaic devices as well as
devices used for sensor protection and other types of nonlinear optical

devices.
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arrangements of the parts and materials are possible without departing

from the spirit and scope of this invention.
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Claims

1. A method of producing a nanocomposite film on a substrate
comprising co-depositing surface polymerizing organic
monomers/oligomers and gaseous lead salt clusters on said substrate to

form a conducting polymer matrix embedded with said lead salt clusters.

2. A method of producing a nanocomposite film by gaseous
deposition comprising simultaneously depositing lead salt clusters and a
conducting polymer film so as to embed the lead salt clusters in the

conducting polymer film.

3. A method of producing a nanocomposite film by gaseous
deposition comprising co-depositing gaseous lead salt clusters in a

conducting polymer film.

4. A method of producing a nanocomposite film for non-linearly
optically absorbing applications comprising depositing gaseous lead salt
clusters in a conducting polymer film while simultaneously forming the

conducting polymer film.

5. The method of any one of claims 1 through 4 wherein the
contacting polymer film is prepared by co-depositing organic ions and

neutral oligomers on a substrate.

6. The method of claim 5 wherein the organic ion is selected
from the group consisting of H, H,S", SO5", C;Hx", C4H4S", CeHs',
Ce¢H;N", CsHsN', C4H40", and other small organic ion species as well as

derivatives thereof, and mixtures thereof.
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7. The method of claim 5 wherein the neutral oligomer
comprises monomer units selected from the group consisting of
terthiophene, sexithiophene, ethylenedioxythiophene, terphenyl,
quaterphenyl, sexiphenyl, poly(phenylene vinylenes), porphyrins,
phthalocyanines, pentacene, diphenyl perylene, derivatives thereof, and

mixtures thereof.

8. The method of claim 1 wherein the organic ion comprises a

thiophene and the neutral oligomer comprises an oligomer of thiophene.

9. The method of claim 8 wherein the oligomer of thiophene is
selected from the group consisting of bithiophene, terthiophene,
quarterthiophene, pentathiophene, hexathiophene, septathiophene,

octathiophene, and mixtures thereof.

10. The method of claim 1 or 5 wherein the substrate is selected
from the group consisting of a metal, a semiconductor, a ceramic, a

plastic, a polymer, a self-assembled monolayer, and a nanotube.

11. An optical device comprising a lens or a coating on a lens
formed of a nanocomposite material, said nanocomposite material
comprising a conducting polymer film and a plurality of lead salt
clusters dispersed in the conducting polymer film, the optical device
attenuating pulsed laser radiation of wavelengths ranging from about
400 to about 900 nm incident on the device surface such that the
radiation transmitted by the device does not exceed a laser power

density of about 15 microJoules/cm? per pulse.

12. The optical device of claim 11 wherein the lead salt clusters

are arranged in a three-dimensional matrix.
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13. An optical device including a nanocomposite film provided

by the method of any one of claims 1 through 10.

14. A photovoltaic cell including a nanocomposite film prepared

by the method of any one of claims 1 through 10.

15. A method of producing a nanocomposite film by trapping
gaseously deposited lead salt clusters in a gaseously deposited

conducting polymer.

16. The method of claim 15 wherein the lead salt clusters are
trapped in the conducting polymer by simultaneously gaseously

depositing the lead salt clusters and the conducting polymer.

17. The method of any of claims 1 through 10 and claims 15
through 16 wherein the lead salt clusters are formed in a vacuum

environment.

18. The method of any of claims 1 through 10 and claims 15
through 17 wherein the lead salt clusters are selected from the group
consisting of lead sulfides, lead selenide, lead telluride and mixtures

thereof.
19. An optical device including a nanocomposite film prepared

by the method of any one of claims 1 through 10 and claims 15 through
18.
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20. An article of manufacture including a nanocomposite film
prepared by the method of any one of claims 1 through 10 and claims 15
through 18.

21. An optical device comprising a lens formed of a
nanocomposite material, said nanocomposite material comprising a
conducting polymer film and a plurality of lead salt clusters dispersed in

the conducting polymer film.

22. A photovoltaic cell including a nanocomposite film prepared
by the method of one of claims 1 through 10, deposited onto a
transparent conductive electrode, such as indium tin oxide coated glass

then coated with a ~10 nm thick aluminum overlayer.
23. The photovoltaic cell according to claim 22 wherein the
transparent conductive electrode comprises indium tin oxide coated

glass.

24. The photovoltaic cell according to claim 23 wherein the

transparent conductive electrode is coated with an aluminum overlayer.

25. The photovoltaic cell according to claim 24 wherein the

aluminum overlayer has a thickness of approximately 10 nm.
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