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We report results of experimental investigations of the luminescent properties of two different
conjugated polymers in which we embedded nanocrystals gD-AlY,03, ZnO, and SnSbO. The
dielectric nanocrystals result in a blueshifting and broadening of luminescence spectra of poly
(p-phenylene vinylenewith a simultaneous disappearance of its vibronic structure. The same
nanocrystals in a poJ-(6-cyano-6 -methylheptyloxy)-1,4-phenylefanatrix cause redshifting

and spectral broadening. These observations are explained by referring to a model that accounts for
the change in the polarization component of the carrier and exciton energy in the vicinity of
inclusions. ©2002 American Institute of Physic§DOI: 10.1063/1.1470239

I. INTRODUCTION the picture may change. In that case the polarization energy
component may additionally depend on the relative position
Embedding metalli¢, semiconducting, and dielectri€  of carriers and inorganic inclusions.
nanocrystals into polymer matrices is an area of current in-  |n this work we investigate the influence of dielectric

terest in nanotechnology research. Inorganic nanOpaI’tiC'q&dusions on the energy spectrum of a conducting p0|ymer
can substantially influence the mechanical, electrical, and opand on its luminescence behavior.

tical (including nonlinedt optical as well as photolumines-
cent, electroluminescent, and photoconductifeeproperties
of the polymer in which they are included.
The influence of dielectric nanocrystals on the propertieé" DESCRIFTION OF EXPERIMENT

of conducting polymers has been investigated much less so g the present work the following polymer matrix ma-
far. There is work reported that is devoted to Ji@clusions  arials were chosen: paly-phenylene vinylene (PPV)

in conducting polymerd Their influence on the photoelectric and poly2-(6-cyano-8-methylheptyloxy)-1,4-phenyleiie
properties.of nanpcomposites is explained with regard tp th?CN-PPF). Both materials were fabricated from prepolymer
fapt that TiGQ partlclgs usu'ally form E}type—ll hetgrOJunctlon solutions manufactured by Lark EnterpriséBPV) and
Wlth a polymer m_a_tn)_(, which essentially results in the_sepa'American Dye Source, IndCN-PPP. While the properties
ration of nonequilibrium electrons and hofe&mbedding 4 cN-PPV are much less well understood than those of PPV,
SiO, particles$ results in stabilization of the nanocomposite CN-PPP is known to have a considerably larger energy gap
properties and an increase in the lifetime of polymer-based,q {4 have absorption and photoluminescence maxima lying
electroluminescent devices. at 3.70 and 3.08 e¥/ respectively.

Itis usually assumed that embedding semiconducting or \ye ysed the following nanocrystals as antidots: dielec-
dielectric nanocrystals creates additional potential wellsic oxides Y,05, Al,Os, and ZnO and antimony—tin oxide
and/or barriers for carriers and does not influence the energgnQ/SbZOE%/sz’os (ab,breviated throughout the present
;pectrum of the polymer itself, except for a possible i.mplicitwork as SnSbD These were reported by the supplier
mfluenl%e through a change of the polymer conjugateqyanophase Technologies Corporajiem be an average size
length:~ However, it is known that, in a conducting polymer ¢ o5 1 m (Y,05), 38 nm (ALOs), and 54 nm(ZnO). We
with a very low carrier mobility, the energy of carriers is present in Table | the available values of band gapand

determined |1t10 a considerable degree by the polarization Qfjecron affinitys of these materials, as well as of the static
the material;” which influences the position of the highest ¢o and high-frequencye.. dielectric permittivities respon-

occupied molgcular orbitgHOMO) and lowest unoqcupied sible for polaron effects. Comparison wil and ¢ for PPV
molecular prbnal(LUMO) levels as well as the exciton en- (for CN-PPP no data orb are availablg suggests that a
ergy. The'mfluence can be considerable, and can result 'ﬂ/pe-l heterojunction should exist between,@} and Y,Os
energy shifts of the order of 1 eV for fréenbound elec-  jnq their host polymer—thus these dielectric nanocrystals
trons and holes in a polymer. In a uniform polymer mediumg e antidots for both electrons and holes—whereas between

this component of energy is determined by the moleculag,sh0 and ZnO and the host polymers, type-Il heterojunc-
structure of the polymer and the fabrication technology. Iniqne are formedFig. 1).

nonuniform media, such as polymer—nanocrystal mixtures, Composite samples were prepared by mixing the nano-

crystal powder with a polymer precursor followed by soni-
dElectronic email: luda.bakoueva@utoronto.ca cation for 1.5 h and spin coating onto glass substrates. The
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samples were annealed for 2 h in an atmosphere of 95% AFG. 2. Normalized photoluminescence spectra of pure PPV and nanocom-

and 5% H. posit‘es A}O3/PPV, Y,03/PPV, SnSbO/PPV, and ZnO/PPV with volume
Photoluminescence measurements were made using tfactions of~10%.

Photon Technology International spectrofluorometer C-60.

Emission spectra were acquired in the wavelength regio

from 200 to 900 nm for optical excitation ranging from 200

to 400 nm.

ticle material. The maximum position in SnSbO/PPV nano-
composites is seen to be shifted towards higher energies rela-
tive to in other composites and it is equal to 3.0 eV,
compared with 2.7-2.8 eV in 053, Al,O53, and ZnO.

The luminescence excitation spectrum in nanocompos-

Photoluminescence spectra of pure PPV, as well as dfes is also modified significantly, as shown in Fig. 3. Instead
PPV-based nanocomposites withhQ3, Al,O0;, ZnO, and  of a maximum at 2.5—4.0 eV, wide absorption regions appear
SnSbO dielectric nanoparticles, are presented in Fig. 2. It iat higher energies. In the spectra of ,@,/PPV and
seen that embedding wide-gap nanoparticles noticeably,O;/PPV the local maximum lies at 2.8—4.0 eV whereas
changes the spectra. The luminescence maximum movehsorption for ZnO/PPV and SnSbO/PPV composites drops
from the 2 to the 2.5 eV spectral region corresponding tanonotonically with a decrease in photon energy.
pure PPV to the region from 2.5 to 3.5 eV and broadens Photoluminescence spectra of pure CN-PPP- and CN-
considerably. The luminescence band in pure PPV i$PP-based nanocomposites withOg, Al,O5, ZnO, and
~0.5 eV wide, whereas in nanocomposites it is about 2 e\5nSbO dielectric nanoparticles are presented in Figs. 4 and
wide. The spectra of the nanocomposites no longer exhib®. As is seen the luminescence spectra of CN-PPP are modi-
the distinct vibronic structure typical of pure PPV. The exactfied by nanoparticles less noticeably than those of the PPV-
position of the spectral maximum depends on the nanopabased nanocomposites. The luminescence maximum acquires

Ill. RESULTS
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E. eV" FIG. 3. Normalized excitation spectra of pure PPV and nanocomposites

Al,O;/PPV, Y,05/PPV, SNnSbO/PPV, and ZnO/PPV with volume fractions
FIG. 1. Characteristic energy levels in nanocomposite components. The-10%. The emission wavelength is 490 nm for,®4 /PPV, 533 nm for
electron affinity in CN-PPP is an estimated value. Y,03/PPV, and 510 nm for SnSbO/PPV and ZnO/PPV.
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FIG. 4. Normalized photoluminescence spectra of pure CN-PPP and nané-IG. 6. Normalized excitation spectra of pure CN-PPP and nanocomposites
composites AlO;/CN-PPP, %0;/CN-PPP, SnSbO/CN-PPP, and ZnO/ Al,0;/CN-PPP, %0;/CN-PPP, SnShO/CN-PPP, and ZnO/CN-PPP with
CN-PPP with volume fractions of 10%. volume fractions of~60%.

a small redshift from 3.085 eV in pure CN-PPP to the valuegyv. DISCUSSION
3.05 eV(SnShQ, 3.06 eV(ZnO), 2.98 eV (Y,03), and 2.96 )
eV (Al,O,) in the composites containing 10% (by vol- We now analyze ho_w the observed influence of nano-
ume of nanoparticles. The increase of nanoparticle voluméTYStals on the composite spectra may be accounted for by
up to 60% causes almost no change in the position of th&onsidering the difference in polarization properties between
maximum for SNSbO/CN-PPP and ZnO/CN-PPP changeg‘e dielectric nanocrystals and the polymer matrix. In con-
the maximum to 2.93 eV for YO;/CN-PPP, and to 2.84 eV ducting 'polymers, polaron effects shift the energy leGéls,
for Al,O3/CN-PPP, and noticeably broadens the spectrurfi€creasing the HOMO-LUMO gap and reducing therefore
and increases the intensity of luminescence at lower photof’® luminescence energy. The polaron siiftarises due to
energiesFig. 5. The spectrum of SnSbO/CN-PPP shows aninteractions between an electron and not only its nearest
additional shoulder at 2.88 eV, suggesting an added lumine§€1ghbors, but also atoms from higher coordination spheres.
cence mechanism may play a role inside the composite conin the composite molecules considered herein, some polymer
pared to in the pure matrix. molecules are in the close vicinity of an antidot which has a

The luminescence excitation spectra for composites wittioWer polarizability s ¢=(1/..— 1/¢) 1 than the polymer.
a high percentage of nanocrystals always contain a maxil NS decreases the polaron shfitand increases the energy
mum at photon energies 3.43 eV {3/CN-PPP), 3.37 eV of the Iumlnescenge pgak. ' o
(Al,O;/CN-PPP), 3.45 e\(SnSbO/CN-PPP and 3.67 eV We now quantify this effect. The main contributfGrio

(ZnOICN-PPP (Fig. 6). This maximum for the ZnO/CN-PPP the polaron shif\W comes from the interaction of localized
nanocomposite coincides with that for pure CN-PPP. charge with dipoles induced at surrounding molecules. This
varies with the intermolecular distanceasr; * so thatw is

proportional toEiri_“. Since the number of particles that
noticeably contribute taV is in the thousand®, we replace

——CN-PPP : ; ) S )
104 ----Y.O/CN-PPP e summation by integration, beginning at the nearest-neighbor
0, _ Inte g
------ ALOJCNPPP . " 7 distancer . This g|vesWOzAf,0d3r/r4=47TA/rO, whereA
o a7 . .
""" ZnOICN-PRP o accounts for the interaction constant and also the concentra-

08+ -.---SnSbO/CN-PPP .-~

tion of molecules. The subscript 0 W, denotes the value in

the unperturbed matrix. If the molecule we consider lies at a

distancea from a dielectric that does not contribute to the

polarization, then the region with>a cosé belonging to the

dielectric must be excluded from the integration. This gives
1/2+aldry, a<rg;

W:WO 1_r0/4a, a>|’0;EWO f(a/ro). (1)

0.6

0.4 4

Luminescence (a.u.)

0.2 4

e To obtain the luminescence spectrum, we must average

21 22 23 24 25 26 27 28 29 30 31 32 33 over all possibla. Let us assume that the spectrum of a pure
Photon energy (eV) polymer represents a line centered at photon enérgy

FIG. 5. Normalized photoluminescence spectra of pure CN-PPP and nano- EQO_WO (WhereEQO is @ HOMO-LUMO gap in the ab-

composites AIO;/CN-PPP, %0, /CN-PPP, SnSbO/CN-PPP, and zno/ Sence of polaron effedtsind is described by some spectral
CN-PPP with the volume fractions ef60%. shapes(f o —Ego+Wp). If antidots are spheres of radiés

0.0
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FIG. 7. Model calculations of influence of inclusions on polymer photolu-
minescence spectra. Right shift of maxim# 3, 4 curvesis associated | | | | | | | | | I | I

with the smaller polarizability of inclusions vs the polymer matrix polariz-

ability and left shift(2’, 3’, 4’ curves is associated with the larger polar-
izability of inclusions. The concentration of inclusiofisis O for curve 1,
; SnSbO Zn0O

0.1 for curves 2 and 2 0.3 for curves 3 and '3 and 0.5 for curves 4 and
4'. SE=h(w— wg) is measured in units diVy—Wg|.
C u LI
and volume concentratio@, thena in Eq. (1) can vary from M M
0 to R(C~¥3—1). The resulting luminescence spectrum is ) )
FIG. 8. Band diagrams of nanocomposites,@J/PPV, Y,O;/PPV,

3C (Rrc-13-1) SnSbO/PPV, and ZnO/PPY&) and of nanocomposites &D;/CN-PPP,
S(ﬁ w)= — J (R+ a)zs[ﬁw— Ego Y203/(_:N-PPP, SnSbO/CN-PPP, and ZnO/QN-F{BP_anq changes in the _
R band diagram of type-Il structures at the optical excitation caused by carrier
charge redistributiorc).

+Wyf(alrg)]da. (2

Figure 7 shows the results of calculations with E2).  wards higher photon energies. This situation is presumably
assuming thas(fw —Ego+W;) has a Gaussian shape. The realized in PPV-based nanocompositEigs. 2 and 3
presence of antidots should cause a blueshift of the lumines- An additional mechanism of the blueshift of the lumines-
cent line which increases with the concentration of the inclucence maximum in PPV may be related to changes in the
sions. The shift does not exceed OV1but for the W  conjugated length. At the sites where the bonds between a
~1 eV typical of organic crystafs it is enough to explain polymer chain and nanocrystal are formed, the electronic
the experimental data. At largé the line shape becomes configuration in the polymer chain changssp hybridiza-
asymmetric by acquiring a shoulder from the blue side. For aion occuré® and the overlapping ofr orbitals diminishes.
givenC, the shift becomes smaller with an increas®idue  The conjugation length therefore decreases, causing the cor-
to a decrease of the total matrix-inclusion interface area. responding increase ig, .

If inclusions have larger polarizability than the matrix, Measured spectra also reveal the disappearance of vi-
the effect will be the opposite, resulting in an increase in thébronic spectra in nanocomposites. This may be attributed to
polaron shift(decrease in the energy of the luminescent)line the formation of bonds between polymer chains and nano-
In this case, the above calculation may be repeated for therystals, which must be taken into account in the electron—
different matrix and inclusion polaron shifts, and Fig. 7 will phonon Hamiltonian. Since the mass of the nanocrystal ex-
instead show a negative shift in the luminescence Wig  ceeds that of a single monomer, the influence of nanocrystals
—Wjg', with m andi subscripts characterizing the matrix and can be treated as a boundary condition that pins two points
inclusion, respectively. on the polymer chain so that only vibrations between these

The simple calculations presented above demonstratgoints are allowed. In addition, different nanocrystals may
that if dipoles induced in dielectric inclusions are weaker thathave different sizes and masses. These factors together smear
those in a polymer, the polarization component of energyut the initially discrete phonon structure and the related
diminishes, which, in turn, shifts LUMO upward® higher  vibronic spectra.
electron energigsand HOMO downwardgto higher hole If the dipoles formed in inclusions exceed those in a
energies This results in a greater effective band gap andpolymer, the polarization energy increases, LUMO levels
increased excitonic energy in the vicinity of the inclusionsmove downward, and HOMO levels upward. As a result, the
[Fig. 8@)]. The amplitude of the shift in energy depends onband gap and the energies of absorption and luminescence
the distance from the inclusions and on their size. In this caspeaks decreadé-ig. (8b)]. The spatial variations of the po-
both the luminescence and the excitation spectra shift tolarization energy cause simultaneous broadening of the spec-
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trum. This situation is expected in CN-PPP-based nanocorY. CONCLUSIONS

posites(Figs. 4—6. The shift in the luminescence maximum To summarize, we investigated the photoluminescence
depends on the effective dielectric permittivity of the nano-gpectra of nanocomposites based on PPV and CN-PPP poly-
Cl’ystal material. It is seen in Flg 5 that the shift is where thq'ners with embedded nanopartides 05%1 A|203, ZnO0,
maximum is larger for AlO; (e.4=5.68) than for ¥O3  and SnSbO. Dielectric nanoparticles noticeably change the
(ee7=6.41). Figure 5 shows that ZnO and SnSbhO represenghotoluminescence spectra of PPV-based nanocomposites:
a group of materials in which the shift is negligible and the spectrum broadens, loses its vibronic structure, and shifts
independent of the volume fraction of inorganic inclusions. Ittowards higher photon energies. The spectra of CN-PPP-
is worth noting that these materials alone form type-ll het-based nanocomposites undergo much weaker changes in red-
erostructures in the polymers under investigation. In type-lishifting and broadening. The phenomena observed are ex-
heterostructures, the electrons can be captured into th@lained by modification of the polarization component of
nanocrystals or stored therein in the case of direct opticatnergy for free carriers and excitons. As a result, in the vi-
excitation inside the nanocrystals. The establishment of a neinity of dielectric inclusions the positions of LUMO and
charge creates an electric field outside the nanocrystals, pdfOMO levels and, hence, the band gap of polymers, vary.
turbing thereby the band diagram, as depicted in Fig).8 Depending on the relationship between the polymer and
This provides a route towards separation of the electron-hanocrystal polarizability, the LUMO-HOMO gap can either
hole pair that make up an exciton. This explains the muchincrease or decrease. Hence, in constructing the band dia-
lower luminescence intensity in SnSbO/CN-PPP compare@ram of nanocomposites with embedded dielectric or semi-
to in the other nanocomposites which emp|oy the same po|yC0ndUCt0r nanocrystals, variations of this gap in the vicinity
mer matrix. For example, luminescence of nanocomposite8f Nanocrystals should be taken into account.
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