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The third-order nonlinear optical (NLO) response of colloidal “quantum-dot” cadmium sulfide (CdS)
nanocrystals has been measured both in solution and in LangBloidgett (L—B) multilayers of a
polydiacetylene (PDA) “alloy” NLO polymer. The PDA “alloy” was composed of a tailored mixture of
diacetylene monomers having carboxylic acid “head” groups and benzamide “head” groups, in each case
separated from the diacetylene moiety by an eight-carbon spacer group, so as to disrupt the strong aggregation,
leading to excessive light scattering, that normally occurs wittBLfilms of carboxyl-terminated PDAs. It

is shown that at 530 nm the nonlinear refractive index¢f a nanocomposite PDA film containing thiophenol-
capped CdS nanocrystals, as measured by both Z-scan and degenerate four-wave mixing (DFWM) techniques,
is 11 x 108 cm?/MW, while that of an undoped PDA film is only & 10°8 cn®MW. This demonstrates

the concept of a “nonlineamonlinear” optical material, in which the NLO response of an embedded quantum-

dot semiconductor can add constructively to that of a NLO polymer having complementary wavelength
characteristics.

I. Introduction tronic properties are combined with other components to create
) ) ) o tailored nanocomposite materials for specific device applications.

In recent years, interest in the synthesis, characterization, and \ye have previously described measurements of the third-

application of colloidal “quantum dot” (QD) semiconductor order NLO response of CdS QDs capped with a variety of

materials has grown markedtyThis increased attention reflects  grganic thiol and amine reagents in organic solveatsl the

both the strong size dependence of the optical and electronicfaprication and characterization of polydiacetylene “alloys”

properties of these materidfsand the fact that the materials  \hich form stable, high-quality £B multilayer films having

are relatively easy to make with well-controlled particle sizés.  exceedingly high optical clarit§. In this paper, we describe

The size dependence arises because the physical size of theéhe third-order nonlinear optical response of a prototypical

particles-which are typically about 2680 A in diameter-is nanocomposite “nonlineamnonlinear” optical polymet,consist-

smaller than the electron wave function, leading to “quantum ing of thiophenol-capped CdS quantum dots embedded inf L

confinement” effects that result from the “squeezing” of the multilayer film of polydiacetylene allo§.

electronic structure by the physical boundaries of the particles.

Thus, one can synthesize a given semiconductor, such adl. Results and Discussion

cadmium sulfide (CdS), in colors ranging from water white to  1he “Nonlinear —Nonlinear” Optical Polymer Concept.
deep orange simply by increasing the particle diameter from o material system that we refer to as a “nonlingasnlinear”
approximately 20 A to 60 A, with no change in chemical qical polymer is a nanocrystalline QD semiconductor having
compqsm_on. Other optical properties c_)f_th(_a p_artlcles, such aS 3 large value of the nonlinear refractive index)(and an
refra.lctlve.lndex and NLO response, exhibit similar changes with absorption band edge at a relatively short wavelength, dispersed
particle size. in a host NLO polymer material also having a large valuef
Our interest in these materials stems from the ease with whichand haing the same sign of.nas the semiconductor QD
the size and composition of the core semiconductor particle canparticles but with a longer wavelength absorption band and a
be varied, while independently controlling the chemical proper- transmission window in the vicinity of the semiconductor QD
ties of the particle by “capping” the surface with functionalized band edge. These relationships are shown schematically in
thiol reagents which form a monolayer or partial monolayer of Figure 1 (adapted from ref 7). Because the valueoflike
organic groupd:® This independent control of the optical that of the linear refractive index) falls off more slowly with
properties and the chemical behavior of these particles provideswavelength than does the absorbance, there can be substantial
an unprecedented opportunity to design new materials in which overlap between the, dispersion curves for the QD semicon-
guantum-dot semiconductors having specific optical and elec- ductor and the NLO polymer within the transmission window
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Figure 1. Schematic representation of the “nonlineaonlinear” optical material concept (adapted from ref 7).

of the combined material, as indicated in Figure 1. Provided absorption properties of high concentrations of the particles
that the sign of, is the same for the two components within would compare with the absorption spectrum of the polydi-
this wavelength region, the two values should add constructively, acetylene film, since we intended to incorporate high concentra-
leading to a large and relatively constant overall valuepof  tions of the particles into the films if possible.
across the transmission window of the material. This in turn ~ The sign and magnitude of the nonlinear refractive inahek (
should make possible the rational design of “device-friendly” of the particles were measured by pulsed Z-&eand by pulsed
materials by a proper choice of NLO polymers and QD degenerate four-wave mixing (DFWM) techniques, respectively,
semiconductors, so as to place the transmission window in ain pyridine solution at several concentrations ranging from 5%
suitable wavelength region as dictated by overall system (w/v) to 20% (w/v) and at several wavelengths from 528 to
constraints (such as the characteristics of light sources, detectors490 nm, as reported previousha nitrogen-pumped dye laser
etc.). having a pulse energy of 26J and a pulse duration of 5 ns
CdS Quantum Dots. CdS QD particles having a mean was used. In those studies, we found that the observed
diameter of 33+ 9 A were prepared by the reverse micelle (nhegative) values off, increased smoothly as the wavelength
method of Steigerwald and Brtiand capped with thiophenol, was decreased (that is, as the pulse wavelength moved more
which has been shown to give the particles good solubility in and more into the absorption band), indicating resonant en-
organic solvents such as pyridine and chlorofdfmA repre- hancement of the NLO response, and ranged from arethd
sentative 400 keV transmission electron micrograph (TEM) of x 1078 cm?MW for a 5% (w/v) solution at 528 nm to around
these particles (deposited on a carbon support from pyridine —14 x 1078 cn?MW for a 20% (w/v) solution at 490 nfhA
solution) is shown in Figure 2. Cadmium lattice planes are typical Z-scan curve for these solutions is shown in Figure 4,
visible in some of the particles; the size distribution was demonstrating the characteristic shape for a negative nonlin-
estimated by measuring a number of the particles in the TEM earity?
image. The linear absorption spectrum of a highly concentrated Polydiacetylene “Alloys”. When amphiphilic diacetylene
(20% wi/v) solution of these particles in spectroscopic grade monomers (having a hydrophilic “head” group and a fatty,
pyridine is shown in Figure 3. The key feature is the broad hydrophobic “tail” group) are dispersed on a clean water surface
onset of absorbance at around 520 nm; as noted above, the onsét preparation for the deposition oHB multilayer films on a
wavelength decreases with decreasing particle size, while for asubstrate, it is often observed that the resulting films are opaque
given particle size, the magnitude of absorbance varies with because of the extensive light scattering caused by the formation
concentration according to Beer's law. Thus, while the shape of two-dimensional crystallites of the diacetylene headgroups
of the curve is essentially concentration-independent, the at the airwater interface. This is clearly unacceptable for
absolute absorbance at a given wavelength varies linearly with materials that are ultimately intended for use in nonlinear optical
concentration. In Figure 3, the onset of absorbance appearsvaveguides, diffraction gratings, and other active optical
shifted to a longer wavelength than would be expected for components.
particles in the 3835 A size range because the high concentra-  To alleviate this problem, we have devised an approach to
tion of the solution has significantly increased the intensity of disrupting the crystallinity of the polar headgroups by incor-
the long-wavelength “tail” of the absorption band. This porating smaller amounts of modified diacetylene monomers
concentration was chosen to gain an understanding of how thehaving less polar headgroups that act as plasticizers for the polar
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Figure 2. A 400 keV transmission electron micrograph of thiophenol-capped CdS nanoparticles, deposited from pyridine solution (magnification

= 2000 000x).
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Figure 3. Visible absorption spectrum of thiophenol-capped CdS

nanoparticles in pyridine (33 A diameter, 20% wi/v).
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Figure 4. Z-scan of thiophenol-capped CdS particles in pyridine

(negativen,, 530 nm, 5 ns pulse, 6@J pulse energy).

moieties; we refer to the resulting mixed diacetylene systems

SCHEME 1: Monomer Composition of the
Polydiacetylene “Alloy” Used in This Work
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inhibit water surface on on water surface
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Scheme 1, in a 3:1 molar ratio. The major component, having
a carboxylic acid headgroup, provided strong interaction with
the water surface and served as the primary building block for
the multilayer assemblies. The minor component, having the
amide headgroup, was codissolved with the major component
prior to spreading the solution on the water surface and served
to disrupt the two-dimensional crystallinity of the carboxylic
acid groupswithout affecting the placement of the diacetylene
moiety with respect to the water surfaceBecause both
components had the same eight-carbon spacer group between
the headgroup and the diacetylene group, all of the diacetylene
units were held at approximately the same distance from the
water surface. Thus, the solid-state photopolymerization of the
diacetylenes, achieved by exposure to a small “black light” after
all the desired layers of monomer had been transferred to the
substrate, occurred as smoothly as would have been the case
with only a single headgroup. Finally, the two monomer
components also had different fatty hydrocarbon chain lengths,
to help minimize any tendency for crystallization between
adjacent layers (which could also introduce light scattering and
reduce the optical clarity of the multilayer films).

This alloy could be used to fabricate-B films having over

as diacetylene “alloys”, since their compression behavior on 100 layers with very high optical transparency, with no
the L—B trough differs systematically from that of either pure observable deterioration of quality either upon polymerizing the
component. In the specific case of the polydiacetylene alloy monomers by UV irradiation of the multilayer film with a hand-

used for this work, two components were used as shown in held “black light” or by storage at room temperature for periods
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Figure 5. Visible absorption spectrum of polydiacetylene alloy =-B
multilayer film on glass slide (56 layers), measured at several
locations along the slide.

of over 8 months at room temperature. It is important to note
that standard Class 100 clean-room procedures were followed
in the fabrication of these films, including the microfiltration
of all solvents and of the deionized water used in theBL
trough through an 0.2«m membrane filter and the UV
irradiation of the trough water immediately upon its placement
in the trough to kill any bacteria that could compromise the
mechanical integrity of the multilayer films.

The absorption spectrum of a representative multilayer film
of this polydiacetylene alloy on a clean glass slide, measured
at several locations along its length, is shown in Figure 5. This
spectrum shows both the high optical quality of the film, as
evidenced by a lack of scatter-induced divergence of the curves
at the short wavelength side of the spectfuamd the presence
of both the blue form of the PDA (with an absorbance peak at
620 nm) and the red form (with a broader absorbance peak at

around 560 nm). This sometimes occurs in these systems; while

the films appear visually to be optrically clear and deep blue in
color, there is occasionally a component of the red form present
in the films, presumably because of thermal and solvent-induced
relaxation of the side chains around the polydiacetylene polymer
backbone.

Z-scan and DWFM measurementsrgffor pure multilayer
PDA films of this type, using 5 ns, 208J pulses at 530 nm,
showedn, to be negative, as for the CdS particles, and to have
a value of approximately-3 x 108 c?MW. By comparison,

a sample of pure GSyave a value ofi, of +5 x 1078 cn?/
MW, and a sample of pure pyridine gave a valuerdf x 108
cm?/MW. A typical Z-scan curve for a pure PDA multilayer
film is shown in Figure 6, again illustrating the characteristic
shape for a material with negative nonlinear index.

Nanocomposite CdS/PDA Polymer.The absorption spectra
shown in Figures 3 and 5, together with the negative sigm of
observed for both the CdS nanopatrticles and the PDA films as
shown in Figures 4 and 6, suggest that the CdS/PDA system
would be an ideal model system to demonstrate the principles
of a nanocomposite “nonlineanonlinear” optical material. As
noted before and illustrated schematically in Figuré 4,
nanocomposite photonic polymer of this type should have the
desirable property of providing a nearly constant valuen,of
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Figure 6. Z-scan of pure polydiacetylene alloy =B multilayer film
on fused silica slide (48 layers, negativae,, 530 nm, 5 ns pulse, 20
u1J pulse energy).

because the contributions g from the two components (QD
semiconductor and NLO polymer) should add constructively
by virtue of their sign identity. Thus, as the wavelength
increases above the QD band edge and that componamnt of
begins to drop off, the contribution te from the NLO polymer

will begin to increase, offsetting the decline in the QD
component. The result is a “device-friendly” NLO material
having a relatively constant nonlinear index across the window
of low optical absorbance loss. In principle, such materials
could be designed to position the transmission window at any
desired wavelength in the visible or near-IR by an appropriate
choice of the NLO polymer and the QD semiconductor
composition and particle size.

The nanocomposite films reported here were prepared by
dispersing a microfiltered chloroform solution containing a 1:1
weight ratio of the thiophenol-capped CdS particles and the
diacetylene alloy monomers onto the-B trough. Following
evaporation of the solvent and compression of the resulting CdS/
diacetylene monolayer, multilayer films ranging from 48 to 126
layers were prepared by dipping freshly cleaned fused silica
slides and UV-polymerizing the monomers as before. The films
were visually dark blue and optically clear, as were the undoped
films. The presence of the QD CdS nanoparticles in the
multilayer film was confirmed by energy-dispersive X-ray
analysis, which indicated that the particles occupied about 10%
of the volume of the film. Z-scan (Figure 7) and DFWM
analysis confirmed that the nanocomposite films retain the
negative sign fon, of the individual components and gave a
magnitude ofn, of approximately 11x 10-8 cm¥MW at 530
nm. This corresponds to an increase in the valueydby a
factor of nearly 4 as compared to the value observed for pure
PDA multilayer films, with no particles added. While this is
nowhere near the orders-of-magnitude gain that will likely be
required to enable the development of practical devices that
utilize n, for optical switching or modulation, it is nonetheless
a significant demonstration of the potential for improving the
NLO response of tailored optical materials by rational combina-
tions of QD semiconductor particles and NLO polymers.

[ll. Summary and Conclusion

As a preliminary demonstration of the concept of a “nonlirear

across the transmission window between the QD absorbancenonlinear” optical materialwe have fabricated multilayer+B

band edge and the NLO polymer long-wave absorbance peak.
This obtains because the magnitudegfalls off more gradually
with wavelength than does the absorbance coefficient and

films of a polydiacetylene alloy containing a 1:1 weight ratio
of thiophenol-capped CdS quantum dot nanoparticles having
core diameters of approximately 33 A. The resulting films are
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XE - 0.2 um filters immediately prior to use. The PDA films were
1,35 . . polymerized by irradiation with a small “black light” for 5
20 min after L—B deposition of the full multilayer stack, under
Class 100 conditions.

NLO Measurements. A commercial nitrogen-pumped tun-
able dye laser (10 Hz repetition rate, pulse duration 5 ns, pulse
energy typically 26-60 xJ) was used for both the Z-scan and
degenerate four-wave mixing measurements. The films were
studied on clean fused silica substrates, and liquid solutions were
studied in 1.0 mm path length fused quartz cuvettes (Hellma,
“Spectrosil”); in all cases, any NLO response from the substrate
or cell was subtracted out before data analysis. Inthe DFWM
studies, both pump beams and the probe beam were all obtained
6. @ ise. 3e9. 428. 54, from the same pulse, using suitable beam splitters and delay
lines.
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