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Abstract: We report the observation of the photorefractive effect in an organarganic polymer composite
photosensitized with nanosized cadmium sulfide particles, the surface of which is passivated ptfiedagesol.

The semiconductor nanoparticles are dispersed in algeliy(ylcarbazole) (PVK) polymer matrix that also

acts as the charge-transport species. The ability of these particles to behave as the photosensitizer in a PVK
matrix has been characterized through a dc photoconductivity experiment. In addition, for the photorefractive
experiments, the second-order optically nonlinear chromophore 4-nitrophgmglinol is also doped into the

PVK matrix to elicit electro-optic response. Tricresyl phosphate is used to lower the glass-transition temperature
of the material, allowing for room temperature in situ poling of the sample. In addition to the electric field
dependence of the degenerate four-wave mixing diffraction efficiency, the photorefractive nature of the grating
is confirmed via two-wave mixing asymmetric energy transfer. The paper also discusses briefly the methods
employed in the syntheses of the capped CdS nanoparticles used in this study, which include the reverse
micelle approach as well as competitive reaction chemistry. The resulting particles have been characterized
using UV—vis absorption and X-ray diffraction.

Introduction LUMO gap with decreasing particle size which directly affects
L ) . ) . the photophysics of the material. Due to this fact, the proper
The realization of advanced information and image processing ., nyo| of particle size is critical in any investigation involving
technology depends on the development of multifunctional yheqe materials. Typically, nuclei of a desired material are grown
materials Wh'fh are able to simultaneously satisfy several y, e required size and then passivated by one of many possible
requirements:2 Semiconductor nanoparticles, which exhibit . anic molecules. Alternatively, agglomeration of the clusters
properties different from the bulk materials, are a new class of o4, e prevented by entrapment of the particles in a rigid media
materials which hold considerable promise for numerous g .p as polymers or zeolité322 In the current investigation,
appli_c_atio_ns in the fields of electronics and photonics. Nanoscale i srface of the nanocrystallites has been capped through the
modification of molecular design and morphology of such ¢\ 5ient addition of thiols, which serve not only as a source of

particles. provides a powerful approach to control their_electronic sulfide ions but also as growth moderat&3his property stems
and optical properties as well as their processability. These from the ability of the thiolate ions to bind to cadmium ions in

properties include quantum size effect on photoreacttyd the 1+ oxidation state located at the particle surface, thereby
photocatalytic activity as well as their applications in nonlinear effectively inhibiting further growth of the CdS particl&se
optics? ™t Semiconductor clusters are a potentially useful class of
The physical properties of semiconductor nanocrystallites are polymer photosensitizers in many applications that require
dominated by quantum confinement, the widening HOMO  materials with photoconductive and photorefractive properties.
While there are several polymers known which show reasonable

(1) Klein, L. C., Ed.Photonics and Nonlinear Optics with Sdbel

Processed Inorganic Glass: Organic Polymer Compositewer Ace- charge generatipn in. the uItravioIet.region,.it.is often.desirable
demic: Boston, 1994; Chapter 19. ‘ _ _ to enhance their optical response in the visible portion of the
| ) M_a”é J.E, ,'Ee:A, CCS- é C., B',anogy P. Aés'gdiyb“d Orgg?"c—_ | spectrum. Since only a small amount of nanoclusters are required
norganic Compositg ymposium series , American emica . . P .
Society: Washington, DC, 1995; Chapter 25. (typically a few welg.ht percent) to photosensitize the matrlx.,

(3) Wang, Y.; Suna, A.; Mchugh, J. Chem. Phys199Q 92, 6927~ the nanoclusters are isolated from each other and are responsible
69?%.8 L E.J. Chem. Phys1983 79, 5566-5571 for the charge generation while the polymer is responsible for

rus, L. E.J. Chem. Phy , . 18

(5) Rosetti. R.- HUll, R.: Gibson, J. M.: Brus, L. &. Chem. Phy<1985 charge transpo#f18 Although not much work has been done
82, 552-559. (12) Hilinski, E.; Lucas, P.; Wang, Yd. Chem. Physl988 89, 3435-

(6) Alivisatos, A. P.; Harris, A. L.; Levinos, N. J.; Steigerwald, M. L.;  3441.
Brus, L. E.J. Chem. Phys1988 89, 4001-4011. (13) Wang, Y.; Herron, NJ. Phys. Chem1987, 91, 257—-260.
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(8) Herron, N.; Wang, Y.; Eckert, HJ. Am. Chem. Socl99Q 112, 1988 605-608.
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(9) Tohin, J. G.; Colvin, V. L.; Alivisatos, A. PJ. Vac. Sci. Technol. Meisel, D.J. Am. Chem. S0d.99Q 112 3831-3837.
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in this direction, previously reported results have indicated very rendering the surface of the particle hydrophobic, inducing
low photocharge generation efficiency of the polymers which precipitation of the capped CdS.

may be explained by the lack of ability to achieve sufficiently ~ Both methods of particle preparation presented yield a free-
high loading of the semiconductor clustéfsn this paper, we  flowing powder which is stable for several weeks at ambient
report enhanced photoconductivity of a pdiy(inylcarbazole)  conditions allowing for X-ray diffraction (XRD) characterization
(PVK):CdS system and enhanced two-beam coupling and of the product. The powders are easily redispersed in several
diffraction efficiency of a CdS:PVK:TCP:NPP (TGPtricresyl organic solvents such as pyridine, dimethylformamide, and
phosphate, NPR 4-nitrophenylt-prolinol) system which may  cyclopentanone, allowing for optical characterization of the
be due to an increased solubility of CdS clusters in the polymer solvated product as well as doping of a polymer (PVK) matrix
matrix. This enhanced solubility is achieved through encapsula- to form an inorganic:organic composite system. Since all the
tion of the CdS particles in an organic coating of the capping particles used in this study had diameters less than 22 A
reagent thiocresol, thereby making the surface hydrophobic. (determined via XRD), optical scattering was not observed,
Also, capping of the CdS particles prevents secondary growth, permitting their use in optical applications (e.g., photorefrac-
enabling the particles to maintain their siz€® tivity).

The methods used in the synthesis of the CdS particles can Photorefractivity in polymeric systems, considered to be
be divided into two main categories: (i) one in which the potential media for high-density optical data storage, optical
eventual size of the particle is controlled by adjusting the ratio amplification, and dynamic image processing, is an area of
of sulfide to thiolate, taking advantage of the competitive considerable recent interest where major achievements have been
reaction rate of these species with cadmium ions, and (ii) the made?'~-2” The phenomenon of photorefractivity in polymeric
second method in which ultimate cluster size is dictated by the composites can be realized in materials which simultaneously
size of a reverse micelle inside which the particle is grown. In exhibit photoconductive and electro-optic (EO) propertfe?.
the first method, described as competitive reaction chemistry It should be noted that, while these properties are necessary for
(CRC)8 the mechanism of cluster formation has been termed the observation of the photorefractive effect, their presence does
as an inorganic form of polymerization. In the initiation phase not necessarily imply that a particular material will possess
of the synthesis a solution containing cadmium ions generatedphotorefractive properties. Photoconductivity allows for the
from cadmium acetate is introduced into a solution containing formation of an internal space-charge electric field through a
$?~ and RS, in the form of sodium sulfide ang-thiocresol, subsequent combination of photogeneration, transport, and
respectively, to create small particles of CdS. Once formed, atrapping of charge carriers. Electro-optic response by the same
propagation step in which the particles aggregate competes withmaterial results in the modulation of the material’s refractive
the growth-terminating reaction of the thiolate with the surface index through a Pockels effect as a result of the periodic space-
of the particlé® It has also been shown that, although being charge field. The resulting manifestation of these processes is
covalently bonded to the surface of CdS particles, the thiocresol a light-induced phase grating (hologram). Photorefractive holo-
species is dislocated by additional sulfide ions allowing for grams are generated in the form of a refractive index grating
further growth of the cluster. However, once a sulfide ion has written by the interference pattern generated when two laser
been incorporated into a given cluster, it cannot be replaced bybeams are crossed in the medium which can then be retrieved
a thiolate ior Through this process the particles are allowed through the diffraction of a probe beath?425:30.31
to grow until the supply of & has been exhausted. An unusual feature of the photorefractive grating is the phase

The second method involves the use of reverse micelles shift between the intensity pattern (intensity of the overlapped
(RMs) as microreactors to obtain organically encapsulated beams) and the resulting periodic refractive index modulation.
nanoparticles. The reverse micellar system is generally com-This phenomenon gives rise to asymmetric energy transfer in
posed of two immiscible liquids (water and oil) where the two-beam coupling experiments wherein one beam gains
aqueous phase is dispersed as nanosize water droplets encaf?tensity at the expense of the other.
sulated by a monolayer film of surfactant molecules in a  In this paper, we report some of the typical photorefractive
continuous nonpolar organic solvent such as a hydrocarbon. Infigures of merit, that is, steady-state diffraction efficiengy
this study the continuous oil phase consists of isooctane andand two-wave mixing gain coefficienT} for the PVK:TCP:
sodium bis(2-ethylhexyl)sulfosuccinate (AOT) serves as the NPP composite photosensitized with nanoparticles of the
surfactant. In addition to water, agqueous solutions containing ainorganic semiconductor, CdS.
variety of dissolved salts, including cadmium acetate and sodium - -
sulfide, can be solubilized within the reverse micel3he gg “K/'igf)g;gﬂ’, Vg:;EM asrldzrrl,cgSF'Q.';\mng%'riEEk,lgE?;‘ll\?lil d102n7a dlo5,5:]. L.
size of the micelle, and subsequently the volume of the aquUeOUSgjllemet, G.; Volodin, B. L.; Steele, D. D.; Sandalphon, Y. Enami; Yao,
pool contained within the micelle, is governed by the water- Y. J.; Wang, J. F.; Rockel, H.; Erskine, L.; PeyghambarianShience
to-surfactant ratio, also termetp, where Wo = [H2O]/ (Washington, D.C.1998 279, 54-57. o .
[surfactantf® Continuous exchange of the micellar contents Ros:zkge)l,H:.r;]dEnrcsll(()i(r'\el,E'f_.P&g?ggﬁr's?'é.!\A}?ilggglﬁ?';f F';é’y;]‘;:'flgﬁgnﬂ\',_
through dynamic collisions enables the reaction to proceed; proc. SPIE-Int. Soc. Opt. Engl998 3281, 268-276.
however, since the reaction is confined within the cavity of the  (24) Prasad, P. N.; Cui, Y.; Swedek, B.; Cheng, N.; Kim, KJSPhys.
mic.e"e.' grovvth of the parti(_:le beyond the qimenSionS_ of the Chérgj gﬁle?ngg7: %(OlBsusrigr_]glsz Ghoshal, S.; Casstevens, MAHw.
cavity is inhibited. In the final stage of this synthesis, the pater 1996 8, 111-125.
passivating reagenp;thiocresol, is added to the continuous oil (26) Wang, Q.; Gharavi, A;; Li, W.; Yu, LPolym. Prepr. (Am. Chem.
phase. This species is then able to enter the aqueous phase &0232-'7')3;-(3 Eg!y?.;' %ﬁiﬂ&?% :“F’f'; f(luefglm. Chem. Sod997 119,
RS" and bond to the surface of the contained particle, eventually 4552 ‘4632

(28) Gunter, P.; Huignard, J. P., Eéhotorefractve Materials and Their

(18) Wang, Y.Pure Appl. Chem1996 68, 1475-1478. Applications Springer-Verlag: Berlin, 1988 & Il, Topics in Applied
(19) Masui, T.; Fujiwara, K.; Machida, K.; Adachi, G.; Sakata, T.; Mori,  Physics, Vols. 61 and 62.
H. Chem. Mater1997, 9, 2197-2204. (29) Yeh, P.Introduction to Photorefractie Nonlinear OpticsWiley:

(20) Pileni, M. P.J. Phys. Chem1993 97, 6961-6973. New York, 1993.
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Experimental Section

Materials. Sodium bis(2-ethylhexyl)sulfosuccinate;heptane p-
thiocresol, cadmium acetate dihydrate, sodium sulfide, poly(vinylcar-
bazole), tricresyl phosphate, pyridine, methanol, and acetonitrile were
obtained from Aldrich at the highest purity available and used without
further purification. The nonlinear dye 4-nitrophenyprolinol was
obtained from Laser Photonics Technology, Inc.

CRC Preparation of Organically Encapsulated CdS.This syn-
thesis is based on that described in the liter&turéth minor

modifications described here. The sulfideptthiocresol ratios used in Figure 1. Schematic of the experimental setup for two-wave mixing
this method of CdS preparation weré RS = 1:2, 1:1, 1:0.2, 1.0.1,  and four wave mixing:l; andl,, writing beamsj,, reading beamty,

1:0.02. With the exception gf-thiocresol concentration, which was  gjffracted beam:; L, argon ion laser; B, beam splitter; M, mirror; C,
adjusted to achieve the desired sulfide pethiocresol ratio, all computer; P, photodetector.
parameters were held constant. The following represents a typical

synthesis (SRS = 1:0.2). _ membrane) was cast on ITO-coated glass substrates with an etched
Sodium sulfide (0.8 g, 10 mmol) argithiocresol (0.25 g, 2mmol)  gjectrode pattern. The films were allowed to dry at ambient conditions
were dissolved in 50 mL of water, 50 mL of methanol, and 100 mL of ¢, 24 h and subsequently heated to°Tin a vacuum oven for 24 h
acetonitrile, vigorously stirred, and purged with nitrogen for 15 min. 1, ensyre complete solvent evaporation. Next, two films were softened
To this solution was addgd dropvyise cadmium acetate dihydrate (5'34by placing them on a hot plate (20€) for 30 s and pressed together
g, 20 mmol) dissolved in a mixture of methanol (160 mL) and 5 hroduce a sandwich glassTO—polymerITO—glass arrangement
acetonitrile (40 mL), yielding an opaque orange dispersion. This peqyeen the etched ITO-coated substrates, yielding samples which were
dispersion was evaporated to dryness, and the product was WaSheciOO—ZOOﬂm in thickness. The glass transition temperatdig ¢f the
exhaustively with methanol, yielding a free-flowing yellow powder. composite was determined to fall below 1@, the lower detection
Reverse Micelle Preparation of Organically Encapsulated CdS.  |imjt of the employed differential scanning calorimeter. The film
For this method of preparation, CdS clusters were prepared%iﬂfl preparation was performed in a class 100 cleanroom.
10, 15, and 20. Here, all parameters were held constant with the ' e photorefractive properties of the PVK:NPP:TCP:CdS composite
excn_aptlon of water concentration, whlc_h was adjusted to achieve the samples were studied via two-wave mixing (TWM) and degenerate
desiredWo. For Wo = 10 the procedure is as follows. four-wave mixing (DFWM) techniques using an oblique experimental
Two solutions of sodium bis(2-ethylhexyl)sulfosuccinate (8.9 g, 20 setup described by Figure 1. Holographic gratings were written through
mmol) in 200 mL ofn-heptane were prepared. To one of these solutions the intersection of two coherent beams generated by anlaser
was added cadmium acetate dihydrate (96 mg, 0.36 mmol) in 3.6 ML gperating at 514.5 nm with s-polarization in the four-wave mixing
of water, and to the other was added sodium sulfide (28 mg, 0.36 mmol) (FWM) experiment and p-polarization in the TWM experiment. The
in 3.6 mL of water. These two solutions were simultaneously poured tyo writing beams]; and |5, intersected in the sample with incident
into a single vessel producing a nonscattering yellow dispersion, angles of6; = 60° and 6, = 38 (in air), respectively, creating an
followed by the immediate introduction gfthiocresol (0.28 g, 3.6 intensity grating with a grating spacing, of 1.85xm. In the DFWM
mmol) in 36 mL of heptane. After stirring the reaction mixture for 24 experiment, a p-polarized reading beal jpropagated in a direction
h, the precipitated surface capped CdS was collected and washed Wit%pposite of one of the writing beamk)( In the TWM experiments,
methanol, yielding a free-flowing powder. the asymmetric energy transfer between the p-polarized writing beams
Samples for Photoconductivity MeasurementsThe main goal of was observed by monitoring the intensity of each of the writing beams
the photoconductivity experiments was to determine which method of by two photodetectors (not depicted in Figure 1) when an external
CdsS preparation afforded the most efficient PVK sensitizer. For this electric field was applied. All data were digitized using a digital
reason TCP and NPP were not added to these samples. Pyridine wasnultimeter and transferred to a computer. For steady-state conditions,
used to first dissolve the CdS followed by the introduction of PVK, the data were collected for a period of 30 s and averaged.
affording a sample with a PVK:CdS ratio of 100:1 by weight. This  The UV-vis absorption spectra were recorded on a Shimadzu UV-
mixture was subjected to ultrasound “mixing” until a homogeneous 3101 spectrophotometer. U\Wis spectra were obtained using a
dispersion was obtained. It was filtered through a @2 pore size dispersion of 4 mg of capped CdS in 5.0 g of pyridineil cmthick
membrane and used for film fabrication. Thin films—8 um) were quartz cell except where otherwise noted.
fabricated via conventional spin-coating techniques on a glass substrate  The electro-optic properties of the composite were measured using
coated with indium tin oxide (ITO). The film thickness as well as the  {he transmission configuration of the ellipsometric techriigjae well
surface integrity of the film surface were confirmed using a Tencor 5 3 conventional MackZender interferometric set#343 Both
Alpha-step 500 surface profilometer. Counter electrodes (diarweter  yersions of this experiment were performed with samples identical to
5 mm) were fabricated on the polymer surface through high-vacuum those used in making photorefractive characterizations, thus eliminating
deposition of silver which could be physically contacted. Photocon- ynwanted interference caused by multiple beam reflections commonly
ductivity measurements were made using a simple dc photocurrent associated with thinner films, which often leads to inaccurate assessment
technique where a dc voltage is applied to the sample and the currentyf the electro-optic coefficienfS.For the Mach-Zender interferometric

component induced by light excitation is meastifeth addition to measurements a poling voltage of 54/ was applied to the sample
thermal grounding of the sample via an aluminum block, the photo- 55 well as an ac modulating field of1 V/um.

conductivity experiment was repeated with the black paint applied to
the substrate, under which conditions no appreciable increase of thegesylts and Discussion
dark current was observed.

Samples for Photorefractivity Measurements. Similar to the In Figure 2a, the absorption spectra of representativge=
photoconductivity samples, CdS was first dissolved in pyridine folowed 10 and 20) thiocresol-encapsulated CdS nanoparticles, as
by the subsequent introduction of PVK, TCP, and NPP, where the prepared using RM techniques, are presented. The absorption

weight percent composition of PVK:TCP:CdS:NPP is represented by spectra of these particles clearly show the blue shift associated
the ratio 56.5:37.5:0.191:5.74. The filtered dispersion @2pore size

(33) Teng, C. C.; Man, H. TAppl. Phys. Lett1990Q 56, 1734-1736.
(30) Swedek, B.; Cheng, N.; Cui, Y.; Zieba, J.; Winiarz, J.; Prasad, P. (34) Sigelle, M.; Hierle, RJ. Appl. Phys1981, 52, 4199.

N. J. Appl. Phys1997 82, 5923-5931. (35) Singer, K. D.; Kuzyk, M. G.; Holland, W. R.; Sohn, J. E.; Lalama,
(31) Ducharme, S.; Scott, J. C.; Twieg, R. J.; Moerner, W\PIE/s. Re. S. L.; Comizzoli, R. B.; Katz, H. E.; Schilling, M. LAppl. Phys. Lett.
Lett. 1991, 66, 1846-1849. 1996 53, 1800.

(32) Schildkraut, J. SAppl. Phys. Lett1991, 58, 340-342. (36) Schildkraut, J. SAppl. Opt.199Q 29, 2839-2841.
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Wavelenath (hm part!cles. Using eq 1, it was calculated that the sizes of the
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Figure 2. UV—visible absorption spectra for surface passivated CdS yegpectively (the XRD obtained for Bm commercial CdS
Freﬁa.red “SQQR(;) B'\{'.Zteclr_‘g'g“eﬁ’é( ;Olgzand 20) and (b) CRC  o\yder is included for purposes of comparison), and for the
echniques (S: =12, 1:0.2, and 1.0.02). nanoparticles synthesized using CRC techniques, the sizes of
the particles are<14, 16, 18, and 22 A for 3:RS™ = 1:2,

ith the quantum confinement effects commonly observed in
W quant ! y ver | 1:0.2, 1:0.1, and 1:0.02, respectively (14 A being the lower limit

nanosize clusters. Compared with bulk CdS (not shown), which ¢ the Sh ¢ : ; 3
possesses an absorption shoulder at 512 nm, CdS prepared witR' the Sherrer OrT”.”.a) (Figure 3). . -

Wy = 20 possesses an absorption shoulder which has been The_ photosensitivityS (_photoconductlvny per_unit light
shifted to 465 nm, and those prepared under the conditions of Nt€NSity) of PVK doped with CdS prepared via RM methods

Wp = 10, representing a smaller droplet size, are further shifted (Wo = 10) at e>.<citation wavelengths of 514.5 and 4$8 nm is
to 455 nm. This shift in the band-gap demonstrates the ability presented in Figure 4a and was calculated according to the

to control the optical properties of the final product through °llowing equation:

the appropriate choice ofb. S = olP = J,/EP 2)
Similarly, encapsulated CdS prepared using CRC techniques, n P
the spectra of which are presented in Figure 2b for/8S™ = whereq is the photoconductivityys is the photocurrent density,

1:2,1:0.2 and 1:0.02, exhibit the same shift toward the blue. In g s the applied electric field, arlis the illumination intensity
this example it is noticed that, as the relative amount of of the beam. Enhanced photosensitivity is observed at 488 nm
passivating reagent is increased, the. observed shift becqmegvhen compared with longer wavelengths due to the higher
more pronounced. As was the case with the CdS nanoparticlesapsorption cross section of the sensitizer at this wavelength. In
prepared by reverse micelle techniques, a convenient means ofigure 4b the photosensitivity of CdS prepared by the same
controlling a material’s optica}l properties.is realized. method but with varying\, is supplied af. = 514.5 nm. Here

To confirm that the blue shift observed in these samples wasijt i observed that the photoconductivity is greater for particles
accompanied by the expected reduction in average size, Sizeprepared at a droplet size Wi, = 20. This is so because the
determination was conducted through XRD in conjunction with (s particles \, = 10) are smaller in size than are those

the Scherrer formula prepared usini\p = 20, and the absorption edge is further blue-
_ shifted from the operating wavelength, resulting in a diminished
d = 0.9U/( cos 2) 1) absorption cross section and a decrease in photosensitivity.

. . o The photosensitivity at 514.5 nm of encapsulated CdS
:‘Nnere;trlls tth;" \lle/avele_ngth offtthhe scanknl_ng I'adI?tl(]ﬁﬁl,S atge prepared by the CRC method with variou$ RS ratios is

tﬁ wi | a ta -r:na;]xwtr;]um 0 ke' pea »:npgg-?ﬁ' |or;, a IS depicted in Figure 5. It was observed that the photosensitivity

€ angle at whic € peak s cente IS formuia of the CdS:PVK composite increased as the relative amount of

(37) Taylor, A.X-Ray MetallographyWiley: New York, 1961. capping reagent was decreased until the ratio of 1:0.2 was
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Figure 6. Photoconductivitys versus illumination intensity at 514.5
nm for PVK:CdS ($:RS™ = 1:0.2). The line represents a linear least-
squares fit of the data.

section at 514.5 nm, the photosensitizing nature of these clusters
is also expected to be diminished.

On the basis of the results obtained in the photoconductivity
study, it was determined that CdS prepared employing CRC
techniques with a%:RS" ratio of 1:0.2 would be utilized in
the photorefractive portion of the study, and for the remainder
of this paper, it will be assumed that it is this CdS which is
referred to unless otherwise stated.

To determine if the phenomenon of bimolecular recombina-
tion was present in the photoconductive mechanism associated
with this composite (PVK:CdS), the photoconductivity of the
composite was determined as a function of illumination intensity
(I)). These data are presented in Figure 6 for 514.5 nm
with an applied electric field of 54 Wim. As is evident, the
photoconductivity is linearly dependent op suggesting the
absence of bimolecular recombination which, if present, would
cause the photoconductivity to exhibit % dependence. It is
also noted that, for the aforementioned composite, the dark
current density was approximately 0.05% of the photocurrent
density.

Since the concentration of nanoclusters lies well below the
percolation threshold, it is assumed that CdS acts mainly as a
sensitizer and PVK is responsible for charge transport (positive
charges in this case, as PVK is a well-established hole
transporting polymer) in this compositéOn the basis of this
knowledge, it can be assumed that the photoconductive mech-
anism is initiated with the absorption of a photon by a CdS
cluster. This in turn gives rise to an electraimole pair which
is rapidly trapped on the surface of the particle. Given that the
electron affinity of CdS nanocrystals exceeds that of PVK, the
transfer of a hole from the nanoparticle to the polymer is
energetically favorable. However, how charge transport is able
to occur across the inert passivating layer is the subject of current
debate®® In recent literatur® several possibilities have been
proposed, the first of which involves the tunneling of charge
carriers through the passivating layer. This explanation is
unlikely, since the probability of tunneling through such sizable
barriers, as those represented by even a monolayer of capping

reached, at which point the particles became almost insoluble mplecules used in this study, is quite small. A second explana-

in solvents compatible with PVK. The explanation for this trend

tion offered by the same authors postulates that, despite the wide

concentration of capping reagent is decreased, the average
cluster size is increased, which implies a decrease in the
magnitude of the observed blue shift in the absorption spectrum.

(38) Greenham, N. C.; Xiaogang, P.; Alivisatos, AFAPys. Re. 1996
54, 17628-17637.
(39) Nanda, J.; Narayan, K. S.; Kuruvilla, B. A.; Murthy, G. L.; Sarma,

Since smaller particles possess a diminished absorption cros®. D. Appl. Phys. Lett199§ 72, 1335-1337.
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Figure 7. UV —visible absorption spectra for PVK:TCP-(¢ —), PVK: Figure 8. PhotosensitivityS,, versus electric field at 514.5 nm for
TCP:CdS {:+), PVK:TCP:NPP (---), and PVK:TCP:NPP:CdS-). PVK:TCP:NPP:CdS.

the valence band of these molecules overlaps with that of CdS, 4t 514.5 nm of PVK:TCP is increased from around 6.0-&m
it would be possible for the passivating layer to support charge approximately 7.6 crit as a result of the addition of CdS
tran_sport.. . o (see Figure 7). However, the addition of NPP also results in an
Finally, it may be possible that the use of pyridine as a solvent j,crease i to about 7.6 cm?. Finally, the inclusion of both
prowd_es a_kmetlc pathway by which CdS_can complex with \pp and CdS in the composite increase® a value of 8.7
PVK, in which case the effects of the passivating layer can be -1 From this series of spectra it can be concluded that only
essentially neglected. Thlsagypothegs is based on observation o nq half of the additional light absorbed in the PR composite
reported in the literaturé.® First, it has been shown that s apsorbed by the charge-generating species and the remainder
pyridine is effective in the removal of organic capping ligands. s absorbed by the NPP.
This is due to the high affinity of the lone pair of electrons For purposes of completeness, the photoconductive charac-
associated with the nitrogen atom for the surface of CdS teristics of the PVK'TCP'NPP'CHS were measured and are
panoparticleé? Similarly, the ability ofthe amine group residing presented in Figure 8. As expected, this composite shows a
n tthel PY]K rrt\)oleculet tgl_c%gwdpzlex W'tt)h the sgjlrfa}[zetof Cds dramatic decrease in photoconductivity compared to that of the
particies has been establis may b€ possible hat, upon — py/.cqg composite. This results from the significant dilution
sufficient removal of the thiocresol capping reagent by pyridine, of charge carrier species, namely PVK, as well as the decrease

PVK and pyridine enter into an equilibrium in which a portion . . -
. . in photons harvested by the charge-generating species as a result
of the CdS nanoclusters are complexed with PVK, which would of the presence of NPP.

promote the charge-transfer process. The lack of solubility In addition to photoconductivity. effective electro-optic
exhibited by the CdS patrticles in alternative solvents complicates _ . . . P . Y, L op
activity attributed to electronicy) and/or birefringent (orien-

the confirmation of these speculations. tational) contributions must be simultaneously observed in a

While various mechanisms of charge transfer between the material in order for the possibility of photorefractive behavior
charge-generating and the charge-transporting species in thes?0 exist?> Due to theC.,, symmetry of poled polymers, all

hybrid materials have been proposed, it is almost certain that - . X
. e E oo - electro-optic tensors vanish except thoseigfandrss. Figure
several mechanisms play a significant role in this proé€shis 9 displays the dependence of the effective EO coefficients on
observation is based on the variety of polymeanoparticle plays aep - i ) ’
: P . . the dc poling field at = 514.5 nm for the PVK:TCP:NPP:
and nanoparticle systems exhibiting photoconductive properties, : . L . .

. : ) . . CdS composite as measured using the transmission configuration
with the dominant mechanism seemingly depending on the of the ellipsometric techniqu®.The data represented in Figure
nature of the material in question since a single mechanism could9 were fit[t)ed t0 an equatiocll of the fo (E)xa using a Ieag,t-
not possibly justify the magnitude of photoconductivity reported squares method, giving values of 4;9}' 10-2 and 0.97 forb

in each of these systems. The dominant characteristics of theanda, respectively. Thus, the data indicate a sublinear increase

charge-transfer process in this particular composite is the subject . : ; h SR .
of current studies. with applied poling field, which is in accordance with the

The UV-vis absorption characteristics of PVK:TCP, PVK: theoretically predicted electric field induced alignment of dipolar

0
TCP:CdS, PVK:TCP:NPP, and PVK:TCP:CdS:NPP thin films Ch\r,‘\’/m"p,h‘?reé'l el g | disad
were collected and are presented in Figure 7 (the spectra in the lle it Is relatively easy to conduct, several disadvantages
main figure, i.e. not the inset, have been offset by 50%with are assomated_wnh the ellipsometric technique: First, it allows
respect to each other for clarity). With the exception of sample ;.or. the determination kofr%g ~ T3l To separate these lcoef-
composition, which was designed to match that of the photo- leIemrS]’ ogle mu?t ma ekt elgss?r;gtg)n ﬂb%hshls equal to q
refractive samples, the thin films used in these portions of the f?n the ?ES(')S 0 a;/f\(e_a poling Ild ) ECOQ ’ tl € measure d
experiment were fabricated identically to photoconductive effective | Co_i |c_:|entsTr:nc'\ALJ :IZ %t © er;‘ctronlc an
samples. For photorefractive applications it is ideal to fabricate orlehntf';\tlona cotr;trl uttil10ns.h 3 al‘th enhertlr:jt.er erometrl.(i
a composite in which the sensitizer possesses the smallest ban chnique on he ofher hand, afthough tedious, permits a
gap with respect to the other componetft® This allows for Straightforward determination s andris. Also, by varying
operation at an optical wavelength which is preferentially 1€ frequency of the applied external ac field used in the
a}bsorbed by the photosensitizer, eliminating b.ackgroun.d. absorp-—(40) Prasad, P. N.; Williams, D. Jatroduction to Nonlinear Optical
tion by the other component$2> The absorption coefficient,  Effects in Polymers and Moleculed/iley: New York, 1991.
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e %o
performance of this experiment, it is possible to differentiate 15k . i
between the electronic and the birefringent contributions to the S
overall effective electro-optic coefficients. This is possible £
because at low frequencies the reorientation of the chromophores K
can completely follow the applied ac field. In this scenario the E o .
total possible contribution of the birefringence modulation o
together with the pure electronic contribution is measured. As , N 2
. . L. Pure Electronic Contribution *
the frequency of the applied ac field is increased, the chro- o *
mophores are no longer able to reorient in response to the
applied electric field, and as a result, only the pure electronic 05 = pre = F i
contribution is measured. The frequency dependences of the
effective electro-optic coefficientss andryz are presented in Frequency [Hz]

parts a and b of Figures 10, respectively. From these figures it Figure 10. Frequency dependence of the effective electro-optic
can be concluded that, for frequencies bele®00 Hz, the coefficients (a)rss and (b)riz at a poling field of 54 Viim.

measured refractive index modulation remains constant, indicat- 022

ing the chromophores are completely able to follow the ' ' ' '
modulating ac field. As the frequency is increased-tb kHz, 0.20 F Ey =107 Vium
a rapid decrease in the measured refractive index modulation
is observed. Beyond this frequency the measured refractive index
modulation again obtains a constant but significantly diminished
value, representative of the pure electronic contribution. This
indicates that the contribution to the refractive index modulation
in the low-frequency range is predominantly from the reorienta-
tion of the linearly anisotropic chromophores (birefringence
modulation). Consequently, the observed photorefractive effect
associated with this composite can be attributed almost entirely
to the orientational modulation of the birefringence.

Intensity (a.u.)

A characteristic feature of the photorefractive effect is that 0.04 L ; . )
the refractive index grating created in the medium is spatially 0 50 100 w0 20
shifted with respect to the light intensity pattern of the writing Time (s)

beam52_4.,30As a res_ult an asymmetrl_c energy transfer betvyeen Figure 11. Example of asymmetric energy exchange between laser
beams interfering in a photorefractive sample occurs. Figure peams in the TWM experiment recorded at 514.5 nm in the PVK:
11 depicts the data obtained in the TWM portion of the Tcp:NPP:CdS (B8:RS™ = 1:0.2) composite. The external electric field
experiment to verify intensity exchange between laser beamswas applied at = 70 s and turned off at= 190 s.

and quantify the TWM gain coefficient for the PVK: TCP:NPP:

CdS composite. For this experiment the writing beamsnd or mobilities offers one possible explanation and is the subject
I, with intensities of 227 and 83 mW/&respectively, were of current study.
used while an external dc electric fielh = 107 Vjum was The TWM coupling gain coefficienE is given in terms of

applied to a 168:m thick sample at timé = 70 s and turned  the experimentally measured quantitigsand 8 as

off att = 190 s. A strongly biphasic nature of the data presented

in Figure 11 is observed, suggesting the existence of two I'= AD)[In(yeB) — In(B + 1 = y,)] 3)
separate grating growth mechanisms. The involvement of two

different charge carriers with varying generation efficiencies and/ whereL is the length of the optical path of the beam experi-
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encing gain inside the sampjejs the ratio of the writing beam
intensities before the sample, apglis the beam-coupling ratio,
defined as

vo = Pi/Py 4)
whereP; is the intensity of the signal with the pump aRglis

the intensity of the signal without the purip?#30.40:4A TWM
gain coefficient of' = 39.5 cn1?! for writing beams with
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Figure 13. Temporal profile of diffraction efficiency of PVK:TCP:
NPP:CdS (8:RS™ = 1:0.2) showing the following: point A, applica-

tion of external electric field; B, blocking of writing bear; C,
unblocking of writing bears; D, removal of external electric field.

blocked, which results in relatively uniform illumination of the
sample, leading to the erasure of the photorefractive grating.
This ultimately causes a rapid decrease in the diffraction
efficiency. At point C { = 646 s) the blocked writing bearh,

is unblocked, allowing the PR grating to again achieve a steady
state. At point D { = 968 s) the external electric field is turned
off, which allows for the random reorientation of the chromo-

p-polarization at 514.5 nm was calculated for the data depicted phores, leading to the erasure of the PR grating. The charac-

in the figure; however, it is noted that, when the sample was
subjected to an external electric field of 119u¥fl, a TWM
gain coefficient o’ = 59.5 cnt! was measured just prior to
the sample experiencing dielectric breakdown. From a practical
point of view, the optical amplificationl’, must exceed the
absorption lossy, of the photorefractive sample in questi#n.

teristic growth time,r, can be determined using the equation

7,0 ~ [E(1 — e ")) (5)

whereEg. is the saturation value of the space-charge fiéld.
value oft = 7.3 s was calculated for the sample by fitting the

In this case the optical absorption of the sandwiched sample data represented between points C and D in Figure 13 to eq 5.

(glass/ITO/polymer composite/ITO/glass) at 514.5 nm was

measured to be. = 8.7 cnTl, yielding a net gain coefficient,

I' — a, of 30.8 cnmt at 107 Vim and 50.8 cm! at 119 Vim.
TWM characterizations were also performed using control

samples which, aside from the fact that they contained no CdS,

In addition to demonstrating the temporal characteristics of
the photorefractive grating written in this composite, this figure
also serves to illustrate the possibility of recording and erasing
PR gratings repeatedly in this composite.

were otherwise identical to those used for data acquisition. TheseConclusions

samples did not exhibited measurable asymmetric energy

exchange.

In the DFWM experiment the writing beamlg,andl,, were
s-polarized and had intensities of 218 and 211 mVW¥/cm
respectively. The reading bear, from the same Ar (A =
514.5 nm) laser with p-polarization propagated in the direction
opposite tol; with an intensity of 5.6 mW/ci Given this
geometry, the diffracted signal counterpropagateb,tavhere
it was reflected by the beam splitter and detected by a
photodetector. The electric field dependence of the photo-
refractive DFWM steady-state diffraction efficiency obtained
in a sample with a thickness of 14@n is presented in Figure
12. The maximum obtained steady-state diffraction efficiency,
Nssp 1S 8% atEg = 137 Vjum. It is noted that the diffraction
efficiency begins increasing rapidly only aftes has exceeded
80 V/um.

Figure 13 shows the diffraction efficiency as a function of
time with a sample thickness of 168n. Two writing beams
are turned on at time¢ = 0, followed by the subsequent
application of an external electric fieléE{ = 80 V/um) att =
15 s depicted as point A in Figure 13, at which time a rapid
rise in diffraction efficiency is observed. At the point depicted
as point B { = 408.5 s) in Figure 13, the writing beahn is

The ability to use semiconductor nanoparticles as a photo-
conductive sensitizer in a PVK matrix as well as the ability to
control the optical properties of these particles to suit the
required needs of the composite has been demonstrated. While
the photoconductivity observed in the PVK:CdS composites is
comparable to values reported for PVkiCsystems, the
photorefractive properties of the PVK:TCP:NPP:CdS composite
are lower than those reported for similar materials utilizing C
as the sensitizé®3° The increase in photoconductivity is
probably due to the ability to achieve relatively higher loading
for encapsulated CdS as opposed tep C1% for CdS
compared with 0.2% for ).*3 Several factors may lead to the
diminished photorefractive behavior of the CdS-doped com-
posite, including the higher dielectric constant associated with
inorganic materials. This increase in dielectric constant leads
to a decrease in the effective space-charge field experienced
by the chromophores. Also, it has been shown that the addition
of Cgo to polymeric composites not only leads to an increase in

(41) Yeh, P.IEEE J. Quantum Electrorll989 25, 484.

(42) Donckers, M. C. J. M.; Silence, S. M.; Walsh, C. A.; Hache, F;
Burland, D. M.; Moerner, W. E.; Tweig, R. Opt. Lett.1993 18, 1044.

(43) Silence, S. M.; Walsh, C. A.; Scott, J. C.; Moerner, W.Appl.
Phys. Lett.1992 61, 2967-2969.
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absorption coefficient of these composites at the operating farther into the red portion of the visible spectrum, are under
wavelength but also increases the quantum efficiency and current investigation.
density of shallow trap$ The ability, or lack thereof, of CdS
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