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In this paper the concentration dependence of morphology and luminescence charac-
teristics of polymer-inorganic nanocomposites based on core-shell nanocrystals CdSe/ZnS
and polyvinylcarbazole prepared by spin-coating method was investigated. It has been
established that nanocrystals form closely packed clusters with sizes from 20 nm to
several micrometers depending on the nanocrystals concentration. The photoluminescence
intensity of the nanocomposite has a maximum at the nanocrystals concentration of
75 wt.% . The photoluminescense quenching was observed at the higher concentration due
to nanocrystals aggregation.

B pabore wucciegyerci KOHIEHTPAIMOHHAS 3aBUCHUMOCTH MOP(MOJOrMU U JIIOMUHECI[EHT-
HBIX XaPAKTEePUCTHUK MOJIMMEeP-HeOPraHWUYeCcKUX HAHOKOMIIOSBUTOB HA OCHOBE MOJIYIPOBOMHU-
KOBBIX HAHOKPUCTAJIJIOB TUIa Axpo-obosourka CAdSe/ZnS u mosumsmHUIKapbasosa, MOJNydYeH-
HBIX MeTogOoM spin-coating. HaGuromaercs acconuanus HAHOKPHUCTAJIOB B KJIACTEPHI pasMe-
pamu or 20 HM A0 HECKOJbKUX MHKPOMETDPOB, B 3aBHUCHUMOCTH OT KOHIEHTPAIIUU WX B
MaTpUIlle, C COXPaHEHWEeM WHAWBUAYAJIbHOCTA HAHOKPUCTAJIOB. MakcuMajibHAd WHTEHCUB-
HOCTH JIIOMUHECIEHIIUN HAHOKOMIIOSUTA OTMEYaeTcs PV KOHIEHTPAIIUN HAHOKPUCTAJIJIOB
75 mace.% , mociie KOTOPOU IMIPOUCXOIUT YMEHBIIeHNe WHTEeHCUBHOCTU U3JIYy4YeHUs, 00yCIOBIeH-
HOe 00pasoBaHMEM HeJTIOMUHECIUPYIOIUX [LIOTHOYIAKOBAHHBIX arperaToB HAHOKPUCTAJLIOB.

© 2011 — STC "Institute for Single Crystals”

1. Introduction

In the last decade, many efforts have
been devoted to the development of nanos-
tructured organic-inorganic materials useful
for the fabrication of multilayer light emit-
ting devices (LED). Composite and hybrid
materials have long been drawing attention
because various properties of polymer such
as mechanical and thermal stabilities can be
modified by adding inorganic semiconductor
nanocrystals (NC). The polymer is employed
as a carrier transporting layer and NC act
as luminescence centers. In particular,
using the NC in the emitter material may
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provide increase stability, color saturation,
the quantum efficiency of electrolumines-
cence, extended spectral range of existing
organic structures [1-3].

Efficient Forster resonance energy trans-
fer from polymer (donor) to NC (acceptor) is
required for the optimization of LED struc-
ture [4—6]. Therefore, the investigation of
spatial arrangement of the NCs in the poly-
mer matrix is important for the develop-
ment of new nanocomposite materials. How-
ever, despite the large number of publica-
tions on nanocomposite organic-inorganic
materials [1-13], analysis of the published
data shows that the structure of nanocom-
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Fig. 1. TEM image of the nanocomposite films of CdSe/ZnS-PVK with a thickness about 80-100 nm
for different mass ratios of NC/PVK: a — 0.2:1, b — 1:1, ¢ — 3:1, d — 4:1.

posite films based on organic semiconductor
and semiconductor NC has not been suffi-
ciently studied to date, especially for the
films prepared by spin-coating method.

Thus, in [7] photoluminescence (PL)
quenching resulting from the aggregation of
the NC in a system based on semiconductor
CdSe NC and poly(n-vinylecarbazole) (PVK)
with the mass ratio of CdSe/PVK 9:1 was
observed. S.Coe-Sullivan et al. demonstrated
a phase separation process, which takes place
in a system based on N, N'-diphenyl-N, N’-bis
(3-methylphenyl)-(1, 1'-biphenyl)-4, 4'-diamine
(TPD) and semiconductor NC [8, 9].

The goal of the present reserach is to
determine patterns of influence of the NC
concentration on the morphology of poly-
mer-inorganic nanocomposite films based on
core-shell NC CdSe/ZnS and PVK obtained
by spin-coating and to study the behavior of
the NC, incorporated in the polymer film,
as well as to establish the correlation of the
luminescence, the distribution and concen-
tration of the NC in the PVK matrix.

2. Experiment

Poly(n-vinylcarbazole) (M, = 72000) was
purchased from Aldrich and was used as a
hole transporting matrix without prelimi-
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nary cleaning. Monodisperse (~10 %) colloi-
dal CdSe/ZnS core-shell nanocrystals with
diameter of 4 nm (&;,, =530 nm) with a
surface passivated with trioctylphosphine
oxide (TOPO) were synthesized by chemical
colloidal organometallic method [10, 11].
Thin composite emitting films (PVK-
CdSe/ZnS) with a thickness about 80—
100 nm were obtained by spin-coating
method (2500 rpm) from the mixed toluene
solution of PVK and NC in different mass
ratios of NC to PVK on glass substrates
coated with transparent ITO anode (Merck)
and then heated to 85°C for 60 min. The
mass ratio NC:PVK in a solution was
changed in the range from 0.1:1 to 6:1.
Morphology of the nanocomposite films
was determined by transmission electron
microscopy (TEM) with EM-125 microscope
(Selmi, Ukraine) operated at 125 kV accel-
erating voltage. Evaluation of the degree of
filling the NC clusters of visible field mi-
croscopic images was performed using
Adobe Photoshop program. Photolumines-
cence spectra were performed by SDL-2
spectrophotometer. The surface elemental
composition of the film was characterized
by X-ray photoelectron spectroscopy (XPS-
800 Kratos spectrometer using MgK, radia-
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Table. Atomic concentration of elements in the surface layer of the samples

The NC concentra- Cur %0

tion in the nano-

Composite, (Wt.O() ) N Zn Cd S Se In Sn (0] C
50 2.1 4.2 1.6 7.3 1.8 0 4.0 79.1
75 1.8 5.6 2.0 8.8 2.6 0 4.4 74.7

tion (Ay = 1253.6 eV). The thickness of the
analyzed layer was ~5 nm.

3. Resultls and discusssion

Investigation of morphology of PVK-
CdSe/ZnS nanocomposite films with various
concentrations of NC by TEM (Fig. 1) shows
that the NC embedded inside the PVK matrix
have narrow size distribution and form
closely packed clusters even at the low NC
concentration. By "clusters”, we mean a kind
of "congestion” of CdSe/ZnS/TOPO nanopar-
ticles in which the particles are separated by
layers of the matrix (PVK in this case).

So, in the mass ratio NC/PVK — 0.2:1
— 17 wt.% NC (Fig. la) the formation of
clusters with sizes ranging from 10 to
20 nm was observed, and the configuration
corresponding to dense packing of spherical
nanoparticles in the film plane. At this con-
centration the packing density of the
nanocrystals in the cluster (pyo) is
0.03 NC/nm?2, and the NC coverage degree
of visible surface of the film is about 10 %.
At higher concentration (Fig. 1b) the ex-
tended regions of close packed NC of 100-
200 nm are formed, while the distance be-
tween the NCs maintans about 8 nm and the
packing density of ~ 0.08—0.04 NC/nm?2. The
coverage degree was approximately 60 %.

At concentration NC 75 wt.% solid
monolayer domains with sizes larger than
1 uym (surface coverage is ~100 % in area;
pyc = 0.04 NC/nm?) are formed. When the
concentration of the NC in composite thin
films is increased to 80 wt.% (NC/PVK 4:1)
(Fig. 1d) the NC tend to formation of more
closely packed aggregate, consisting of the
clusters (pyc = 0.05-0.06 NC/nm?), and the
distance between the centers of NC de-
creases to 6 nm. This clusterization behavior
indicates the phase separation in the nano-
composite films obtained by spin-coating.

Conclusion about formation of planar
layers of the NC near the surface of PVK
films was confirmed by XPS method (see
Table). The surface area of the polymer-in-
organic film (thickness of the analyzed
layer ~5 nm) composed of chemical elements
Cd, Se, Zn and S in the state of CdSe
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and ZnS (E,S2p = 162.1 eV), belonged to
the NC. Position of the nitrogen peak
(E,N1s = 400.2 eV) corresponds to N-C
bond in the PVK. Changing the concentra-
tion ratio Zn/N (3.1 for 75 wt.% NC; 2.0
for 50 wt.% NC) correlates with changing
in surface coverage of the film by the NC
determined from TEM images (100 % and
60 %, respectively).

The high content of oxygen and carbon is
typical for all types of films formed in at-
mosphere. The absence of peaks of substrate
elements (In and Sn) indicates that the films
deposited from solution by the spin-coating
are continuous and porousless.

Optical spectra of NC/PVK films are
largely dependent on an efficient Forster
resonance energy transfer from PVK
(donor) to CdSe/ZnS NC (acceptor).

In accordance with [7, 12-14], the effi-
ciency of radiationless energy transfer photo-
excitation of the inductive-resonance mecha-
nism (Forster energy transfer) depends on the
overlap integral of the donor luminescence
spectra and acceptor absorption spectra, and
on the distance between them. In these donor-
acceptor systems the luminescence spectrum
is a superposition of the spectra of individual
components of the system. An intensity of
the luminescence of the donor in the presence
of the acceptor decreases with increasing con-
centration of the acceptor.

The intensity of the donor luminescence
can be determined by the expression [14]:

Ipa

Ip

—1 - 3.71NnC R, (1)

where Ip, is the fluorescence intensity of
the donor (polymer) in donor-acceptor mix-
ture; Ip is the donor emission intensity in
the absence of an acceptor, C, — the con-
centration of the acceptors (NC) and R, —
Forster radius.

The most obvious manifestation of the
energy transfer in nanocomposite systems
PVK/NC is quenching of PVK (donor) pho-
toluminescence (PL) intensity in peak at
Amar = 410 nm and the simultaneous in-
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creasing the NC PL intensity (A,,, =
530 nm) upon photoexcitation in the ab-
sorption band of the donor.

The relative quenching of the PVK fluo-
rescence (Ipyg) as function of C, is plotted
in Fig. 2 (curve I). It is seen, that PL inten-
sity of PVK in the films linearly decreases
with increasing NC concentration. The R,
can be expressed by approximation of ex-
perimental points by expression (1). And R,
for PVK — CdSe/ZnS nanocomposites was
determined to be 5.3 nm.

The emission intensity of CdSe/ZnS (Iy()
in the nanocomposite films (Fig. 2, curve 2)
linearly increases with increasing concentra-
tion to 50 wt. % . Therefore, as can be seen
from Fig. 1, that clusterization behavior of
NC in polymer films ("congestion™ in quasi-
two NC clusters) at low NC concentrations
has no influence on the spectral charac-
teristics of PL of the NC.

The Ipn- has a maximum at the NC con-
centration in 75 wt. % . When the concen-
tration of NC in the composites is more
than 80 wt. %, a reduction of I, observed.
Also it can be seen (Fig. 1d) the changing of
the configuration of NC clusters. Nanocrys-
tals form three-dimensional structures (ag-
gregates) with more dense packing than for
two-dimensional clusters of nanoparticles.
Possibly, in these close-packed structures,
the electronic excitations are delocalized
over the set of the NC with non-radiative
degradation of the excitation energy.

Consequently, the relative decrease of
concentration of independent acceptors (NC)
with increasing concentration of aggregates
of closely packed NC is a major cause of In
quenching.

In accordance with [15], the organization
of the NC in polymer matrix can be described
by three model scheme (Fig. 2, I-III). In gen-
eral, each states of NC organization occur
depending on the parameters of exponential
polymer-NC attractive pair potential of Eq. 2.

r—Gpe
Upclr) = ~epcexp(—0), )

where 6po = (D+d)/2, oo — the spatial range

parameter (material depend); D — diameter
of polymer macromolecule; d — NC diame-
ter; r — the distance between the centers of
NC; epr — the attractive minimum energy
of monomer-NC interaction, which is:

po 2, 3)
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Fig. 2. Relative PL intensity of PVK (1) and
NC of CdSe/ZnS (2) as function of the NC
concentration in the nanocomposite films.
The inset shows the schematic illustration of
three states of the particles organization in
the polymer matrix: (I) — thin layer of poly-
mer between NC; (II) — direct contact of
NC-NC; (III) — steric stabilization of NC by
polymer layers.

where Ep- — the Lennard-Jones potential
parameter for the elementary units with
size b (b < d <<D).

For model I (Fig. 2), in which bridging of
polymer monomers presents between the
NC, can be characterized by the following
parameters: oo = 0.25, epr = 2.25. For oo = 0.25,
epc = 2.2 the contact of NC aggregation ex-
hibits (model II). Finally, for o = 1.0, ep, = 2.0
(model III), it is dominant the tendency for
NC to be sterically stabilized by the longer-
range d strong attractions between polymer
and NC.

We calculated the distance between the
centers of NC CdSe/ZnS in the linear con-
centration dependence of 1.

In particular, at the concentration of NC
in the nanocomposite of 15-50 wt.% the
distance between centers of the NC is 8 nm
(Fig. 1la, b). Since the diameter of the NC is
4 nm and the thickness of TOPO ligand
shell is about 1 nm, a thin polymer layer
between the NC (about 2 nm) is present that
corresponds to the model (I). Interestingly,
the same distance between the NC is ob-
served at lower concentrations of NC.

At the mass ratio NC/PVK 4:1 (Fig. 1d)
the distance between the centers of NC is
6 nm. Taking into account the thickness of
the TOPO layer, one can conclude that there
is direct contact of the ligand shell
nanocrystals and their interaction via dis-
persion forces. This morphology of the com-
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posite film corresponds to the model (II)
with parameters a = 0.25, gpp = 2.25.

It is obvious, that model (I) and (II) de-
scribe the state of the composite system for
different stages of phase separation of the
components of the system.

In order to minimize or eliminate the
formation of aggregates, causing PL
quenching of the nanocomposite, and to
maximize the concentration of isolated NC,
it is necessary to provide conditions for
steric stabilization of NC (model III in Fig. 2).
Such conditions can be ensured, in particu-
lar, by choosing the material for ligand
shell on the surface of NC, which is the
subject of our further research.

4. Conclusions

In the present work the structure and
optical characteristics of thin polymer-inor-
ganic nanocomposite films obtained by spin-
coating method on the basis of poly(n-vinyl-
carbazole) and semiconductor nanocrystals
of CdSe/ZnS are studied. The energy trans-
fer efficiency from PVK to CdSe/ZnS is es-
timated by the Forster radius as 5.3 nm. It
was shown, that PL intensity of the compos-
ite had a maximum at the NC concentration
of 76 wt.%.

The PL quenching observed at the higher
concentrations (>75 wt.%) is explained by
the NC aggregation that is confirmed by
TEM. Using X-ray photoelectron spectros-
copy and transmission electron microscopy
it has been established, that in full concen-
tration scale CdSe/ZnS nanocrystals form
plane closely packed structures from 20 nm

to several micrometers on the PVK film
surface, that is attended by the NC center-
to-center distance decrease with the NC con-
centration increasing. Phase separation
process is considered in the framework of
Schweitzer’s models.
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Mopdoioria Ta JOMiHECI€eHTHI BJIACTHBOCTI
HAHOKOMIIO3MTHHMX ILNIIBOK HA OCHOBI
MOJIiBiHiIKap0a30ly Ta HAMIBIPOBIMHUKOBHX
Hanokpucrajigis CdSe/ZnS

0.0.Mamegienko, IO.M.Casin, O.C.Kpuncanoécvka,
O.M.Boséx, M.B./lo6pomeéopcvka

Y poboti gociigsKyeThcs KOHIEHTpalliifiHa 3ajieKHicTb Mopdosiorii Ta JTOMiHeCIeHTHUX
XapaKTepUCTUK I[OJIiMep-HeOpraHiYHMX HAHOKOMIIO3UTIB Ha OCHOBI HAHOKPHUCTAJIB THUITY
aapo-obonorka CdSe/ZnS Ta mnoaisiminkap6asonry, omep:KaHHMX 3a JOIOMOIOID METOLY IIO-
Kpurtsa nenrpudyrysaaasaMm. Crocrepiraerbesa acolfiaiiis HAHOKPHUCTAIIB y KJacTepd PO3Mi-
pamu Big 20 HM 0 ZeKiIbKOX MiKpomeTpiB, B 3ajeKHOCTI Big KoHIeHTpallii HaHOKpHUCTAIIB
y Mmarpuii, 3i sbepe:xeHHsSM iHauMBigyasapHOCTI HaHoOKpucraais. MaKcuMyM iHTEHCHBHOCTI
JIIOMiHecIeHIll] HAHOKOMIIO3UTY BifdHAUAETHCA IPU KOHIEHTPAIil HaHOKpucraais 75 mac.%,
micas AKOI clocTepiraeTbcs craja iHTEeHCHMBHOCTI JiloMiHecieHIlil, 00yMOBIEHUN YyTBOPEHHSIM
HeJIIOMiHEeCIIeHTHHUX IiJbHOIIAKOBAHUX arperaTiB HAHOKPHCTAJIIB.
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